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Abstract
Passive cooling of buildings is a benefit to society since no energy input is required for
space cooling which reduces electricity consumption, fossil fuel burning, and greenhouse gas
emissions.

When a passive cooling technology radiates heat from the earth through the

atmospheric windows to space higher levels of cooling power are possible -- this phenomenon is
classified as passive “radiative” cooling. Spectrally selective surface coatings provide radiative
cooling to lower surface temperatures by reflecting most solar radiation, while emitting infrared
radiation at wavelengths between 8-13 μm through the primary atmospheric window to the cold
of space. Multiple applications of radiative cooling can be of benefit to the modern world like
radiating surfaces to reduce the “heat island” effect from heat absorbing materials amassed in large
cities. Additionally, it is estimated that covering over 10 million square kilometers with a cooling
power of 100 W/m2 it may be theoretically possible to balance the heat flux between the earth and
space to counter global warming by emitting more infrared radiation from the earth. The goal of
this research is to develop a practical, cost effective, scalable, and robust passive radiative cooling
coating for ease of application to a multitude of surfaces like cool roof coating yet provide greater
cooling power and energy savings, as well as alter cooling power for buildings in colder climates
to avoid costly heating load increases in colder climatic conditions. Presented is a novel approach
to synthesizing nanoparticles with close to ideal spectrally selective for passive radiative cooling
to be integrated into thick film nanocomposite coating which can cost effectively cover large
surface areas.

ix

Chapter 1: Review of Passive Radiative Cooling Technology
A review of current passive radiative cooling technology confirmed this research presents
a novel direction of synthesizing spectrally selective nanoparticles which are integrated into a thick
film nanocomposite coating to combine reflective and radiative cooling to drop surface
temperatures even further than conventional “cool roof” coatings for a greater cooling load
reduction and energy savings. The proposed thick film nanocomposite coating also provides
techniques to tailor cooling power for colder climates and avoid costly heating load increases
during winter weather.
1.1 Motivation
Alarming scientific data verifies the need to fully develop passive radiative cooling
technology. Currently the US EPA refers to modern urban areas with populations of more than 1
million people as “heat islands” because annual mean air temperature can be 1–3°C hotter than
surrounding rural areas. According to the U.S. Department of Energy and the US Environmental
Protection Agency, in the evening a city can be as much as 12°C hotter than the countryside [1].
Heat islands increase peak cooling loads, air conditioning costs, air pollution, greenhouse gas
emissions, heat-related illness/mortality, and even water pollution [2]. In developed countries,
over 50% of urban surface areas are either roofs or paved surfaces; this does not include vehicles
or other surfaces facing the sky [3, 4]. In some locations roofing systems constitute 70% of a
home’s total heat gain [5, 6].
Surfaces exposed to incoming solar irradiance are prime locations for day and night passive
radiative cooling technology. Radiative coolers passively cool terrestrial objects by selectively
1

emitting heat through the earth’s atmospheric window to the cold of outer space while reflecting
electromagnetic radiation outside the atmospheric window. Catalanotti et al. (1975) demonstrated
that a 12.5 μm thick TEDLAR® (polyvinyl–fluoride plastic) film on top of an aluminum substrate
through passive radiative cooling can drop surface temperatures 12 °C below ambient temperature
at night – this technology can reduce the “heat island” effect [7]. Significant to this research is
that Catalanotti obtained these results with a selective surface with high reflectance outside
atmospheric window and high absorption in the atmospheric window. Yet this technology, due to
application and durability limitations, did not progress to commercially available product.
At the global level, an Intergovernmental Panel on Climate Change (IPCC) report states
with high confidence that “Global surface temperature has increased faster since 1970 than in any
other 50-year period over at least the last 2000 years. Global surface temperature will continue to
increase until at least the mid-century under all emissions scenarios considered. Global warming
of 1.5°C and 2°C will be exceeded during the 21st century unless deep reductions in carbon dioxide
(CO2) and other greenhouse gas emissions occur in the coming decades” [5].
Outgoing Longwave Radiation (OLR) is a measure of the amount of energy emitted to
space by earth's surface, oceans, and atmosphere. For the Earth to remain at a stable temperature,
the amount of longwave radiation streaming from the Earth must be equal to the total amount of
absorbed radiation from the Sun [8]. There are many places on earth where the OLR balance is in
the negative range. Some of the biggest heat sinks are situated near the equator with an average
OLR of -80 W/m2 [9]. Unfortunately, a Stephens et al. (2012) journal article referencing satellite
sensor data shows that the Earth was absorbing ~ 1 W/m2 more than it is emitting, which leads to
an overall warming of the climate [10].

2

Fortunately, a geoengineering approach to increase radiative heat emission from the Earth
to space by covering 1%–2% of the Earth’s surface with thermally emissive materials that can
radiate ~100 W/m2 through the atmospheric window may counter global warming by bringing the
total heat flux back into balance [11]. Considering the latest IPCC report a worldwide project
scope should cover at least 2% of the Earth’s surface. Since the total surface area of Earth is
510,072,000 km2 a radiative cooling surface area would be 10,201,440 km2 to cover 2% of the
Earth’s surface. The scope of a terrestrial-based radiative cooling project is the equivalent to each
of the 197 countries in the world covering 8% of their land with thermally emissive surfaces. It is
possible and feasible to execute a large-scale geoengineering/climate engineering project with
radiative surfaces. It is preferable to place thermally emissive “radiative” cooling coatings on
structural surfaces exposed to the sky, like roof tops due to the added benefit of reduced energy
consumption and CO2 emissions, instead of on land in competition with other primal needs such
as agriculture, biodiversity, or decentralized production of energy. It may be theoretically possible
to balance the global heat exchanges by emitting more infrared radiation from the earth. Presented
in this paper is a possible solution to carry out such an ambitious project.
1.2 Commercially Available Passive Cooling Technology
Passive cooling leads to a reduction in the amount of electricity air conditioning units
consume and lower peak electricity loads. A state-of-the-art review did not find a widely available
commercial nanoparticle-based “radiative cooling” coating product.

Currently, the most

commercially available passive cooling coating technology is called “cool roof” coating which is
claimed to be a “reflective cooling” product. Reflective coatings significantly drop roof top
temperatures by reflecting nearly every wavelength of electromagnetic radiation incident upon its
surface to a greater degree than conventional roofing.

3

The largest market share of passive cooling coatings belongs to cool roof coatings whose
global market size is estimated to be USD 3.59 billion in 2019 – thick film elastomeric coatings
account for over 64% of the revenue [12].

Table 1.1 Composition of Leading Cool Roof Product (GacoRoof GR1600 Series White) [13].
Material

CAS No.

Weight %

Dimethyl siloxane, hydroxy-terminated

70131-67-8

30-60%

Limestone

1317-65-3

30-60%

Distillates (petroleum), hydrotreated light

64742-47-8

10-30%

Titanium dioxide (dust)

13463-67-7

7-13%

Butan-2-one O,O',O" –(methylsilylidyne) trioxime

22984-54-9

1-5%

Silicon dioxide

7631-86-9

1-5%

Silica, quartz (dust)

14808-60-7

0.1-1.0%

Aminopropyltriethoxysilane

919-30-2

0.1-1.0%

Octamethylcyclotetrasiloxane

556-67-2

0.1-1.0%

This research includes a side-by-side comparison to a leading commercial cool roof
coating, GacoRoof GR1600 Series White, whose material composition in liquid paste form is
identified in Table 1.1.
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Figure 1.1 Infrared absorbance peaks of (top) TiO2, (middle) SiO2, and (bottom) CaCO3 in relation
to the atmospheric window (depicted with rectangular box) [14].

Cool roof coatings contain randomly distributed reflective nano and micro sized particles
of varying morphology in an acrylic or silicone medium/binder. The recommended thickness of
cool roof coating examined in this research is 22 mil (558.8 µm) [13]. Similar mediums were used
5

for experimental thick film research in Chapter 4 of this dissertation, yet the thick film
nanocomposites tested were in the 27 – 350 µm thickness range.
The actual composition of the cool roof coating is proprietary but it is safe to assume the
volume fraction of particles is between 38 - 79% which is higher than most randomly distrubuted
particles in passive radiative cooling research. The absorbance spectrum for the previously
mentioned common coumpounds show where absorbance peaks are in relation to the atmospheric
window in frequency range of 769 cm–1 to 1,250 cm–1 and wavelength range of 8-13 μm in Figure
1.1 (depicted by the rectangular box) [14].
In Figure 1.1, it is observed that TiO2, SiO2, and CaCO3 have low absorbance accross the
infrared spectrum which explains favorable cooling properties, while the most spectrally selective
compound is SiO2. Kirchhoff’s law states that spectral absorptivity and spectral emissivity of an
object in thermal equilibrium are equal, for every wavelength and direction. Since SiO2 aborbs
more in the infrared window it stands to reason according to Kirchoff’s law that SiO2 will emit
more radiation through the atmospheric window; however, the SiO2 volume fraction is only 1-5%
of the cool roof coating.
The largest particle/pigment volume fraction in the cool roof coating is 30-60% for CaCO3
whish has a large infrared absorbance peak outside the atmospheric window. A modest amount
of spectral selectivity by cool roof coatings, observed in Figure 4.5, can be attributed to some
common reflective and somewhat spectrally selective compounds like TiO2, SiO2, and CaCO3 used
in radiative cooling as well. Thus, in the infrared region a cool roof coating is more of a broadband
emitter rather than a selective emitter.

6

1.3 Nanoparticle-based Radiative Cooling State of Art Review
Achieving daytime radiative cooling is a goal of this research since the greatest benefits,
like peak load reduction, are realized during this time. Also, daytime radiative cooling is the
biggest challenge since 95% of the incoming solar heat flux arrives in the 0.3–2.4 μm waveband
during the day. To attain diurnal cooling of a surface below ambient temperatures the radiative
cooling coating must overcome the strong solar radiation with high reflection in 0.3-2.5 μm
wavelength range and high absorption in the primary atmospheric window in 8-13 μm wavelength
range. Since spectral emission from any surface at any wavelength is equal to spectral absorption
at that wavelength, a surface with highest absorption in the 8-13 μm wavelength atmospheric
window will emit highest amount which will pass through the earth’s atmosphere to deep space
which is at absolute zero temperature.
One of the earlier experimental studies to report daytime radiative cooling by Raman et al.
(2014) had a structure fabricated with high energy electron beam evaporation in a vacuum structure
[15]. It consisted of seven alternating layers of HfO2 and SiO2 of varying nanoscale thicknesses,
on top of 200 nm of silver (Ag), a 20-nm-thick Ti adhesion layer, and a 750-mm-thick, 200-mmdiameter Si wafer substrate [15]. Scaling this technology would require mounting and racking
similar to placing PV panels over a surface, which increases costs and limits commercial success
of product.
A fundamental overview of radiative cooling research was conducted by Zeyghami et al.
(2018) [16] in which they delineated day and night radiative cooler structure and performance
parameters. Most radiative cooling methods published in the literature rely upon expensive
nanoscale precision instrumentation for uniform multi-layer thin films or nanostructures in a
controlled environment, which is currently not feasible on a large scale. While less complex
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methods encase dyes or particles of nano to micro size into very thin polymer films, unfortunately,
the thin polymer is not robust enough to endure environmental exposure nor has ease of application
to structures [17, 18].

Table 1.2 Experimental Studies of Nanoparticle-Based Thick Film Radiative Coolers
Cooling Power

Substrate /

Type and size
materials
nano(nm)/micro
(μm) in film medium

Aluminum/
Double layer acrylic
resin

Top layer - Rutile TiO2
Bottom layer –
SiO2 + SiC
radius = 0.5 μm
Top layer - TiO2
spheres
Radius = 0.2 μm
Bottom layer - carbon
black
SiO2 spheres
radius = 4 μm

Experimental (W/m2);
Binder (matrix)
ΔT = T-Tamb
work
%Reflection(R),
references

Total
Thickness

Volume
Fraction
(%)

%Emission(𝜀)

Bao et al.
(2017)[19]

ΔT = -5 ℃ night

Huang and
Ruan
(2017)[20]

100 W/m2

Zhai et al.
(2017)[21]

93 W/m2

2

Li et al.
(2021)[22]

37 W/m
ΔT = -1.7˚C

Gonome et al.
(2014)[23]

ΔT = 10 ℃

Dobson et al.
(2003)[24]

Rsol = 54%
𝜀8-13 = 17 %

Chae et al.
(2021)[25]

ΔT = -2.8 °C
88.7% 𝜀 in
atmospheric
window

Aluminum/
Double layer acrylic
resin

Silver substrate/
polymethylpentene
(TPX)
Polyethylene
terephthalate (PET)
/acrylic paint
Black and White
Paper/
Acrylic
Low-density
polyethylene
(LDPE)
Polyethylene
terephthalate
(PET)/
dipentaerythritol
pentahexaacrylate (DPHA)

Rod-shape CaCO3
fillers length ≈ 1.9 μm
and diameter ≈ 500
nm
Copper (II) oxide
(CuO) micro-particles
0.05, 0.89 and 1.9 μm
Semiconducting ZnO,
ZnS, Te, TiO2, carbon,
C60 or Sb2O3 0.3
Al2O3, SiO2, and Si3N4
- 19, 36, and 56 nm,
respectively

>10 μm

4%

500 µm

4%

50 µm

5%

177, 131,
and 98
μm

60 %

20-60 µm

3-5%

50 µm

5%

NP layers
were
2.0 - 2.1
μm thick

95%

Many technologies lack ease of application, low energy fabrication, need a controlled
environment and expensive nanoscale precision equipment. Hence, passive radiative cooling
technology is still not cost-effective, scalable, and robust enough to be extensively
8

commercialized. In a practical assessment on various aspects of radiative cooling in buildings, Lu
et al. [28] in 2016 concluded that radiative cooling systems could be commercialized only by
development of more efficient coating materials with improved radiative properties.

This

assessment agrees with the thick film nanocomposite coating developed in this research. The
works cited in Table 1.2, concentrate on top performing nanoparticle and thick film-based coating
radiative cooling experimental studies.
One big advantage of a good passive radiative cooling coating is that it can perform both
day and night unlike most solar energy systems which do not operate without sunlight. Huang and
Ruan (2017) conducted an experimental study and claimed a daytime net cooling power of 100
W/m2 and a nighttime cooling power of 180 W/m2 with a 500 µm thick double layer acrylic resin
coating embedded with 0.2 μm radius titanium dioxide particles in top layer while the bottom layer
contained carbon black over an aluminum substrate [20].
Gonome et al. (2014) placed a CuO coating (black in color) with particle volume fraction
of 5% and a thickness of 10 μm on black paper; instead of comparing to ambient temperature they
compared its temperature to non-coated black paper and found the coating was 10 C cooler [23].
Recently, researchers Li et al. (2021) applied a 60% concentration of CaCO3 in acrylic
paint, without the use of spectrally selective nanoparticles, at a thickness of 177, 131, and 98 μm
for solar reflectance of 95.1%, 93.4%, and 88.9%, respectively. The thicker film provided the
highest reflectance. Their spectral analysis reveals good reflection in UV-VIS spectrum but
lacking selectivity in infrared spectrum; nevertheless, they reported a surface temperature 1.7˚C
below ambient during the day [22].
The work of Dobson et al. [24] presented the use of a 5% volume fraction of ZnO, ZnS,
Te, TiO2, carbon, C60 or Sb2O3 semiconducting materials for radiative cooling in thin film coating
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on polyethylene foil covers. However, they noted increasing volume fraction of semiconductor
material pigments to 15%-20% would exhibit improved optical properties, but realized they are
likely to have poor (photo) chemical stability with polyethylene medium.
Bao et al., [19] conducted an experimental study of coating combinations with commonly
used radiative cooling compounds. The theoretical predictions of cooling 5 °C below ambient
under direct solar radiation and 17 °C below ambient at night were not observed; their best daytime
surface temperatures were a few degrees above ambient and at nighttime about 5 °C lower than
ambient.
Another experimental study by Chae et al. reported 2.8 °C below ambient temperature for
a 1:1:1 ratio mixture of Al2O3, SiO2, and Si3N4 nanoparticles. This research also used compounds
which exhibit strong absorption peaks in or near the atmospheric window and low absorption
outside the window [25].
It is interesting to note that experimental studies achieved daytime radiative cooling
through numerous fabrication methods, structures, and material combinations. Also, a wide range
of theories are presented in research to explain why radiative cooling is taking place. A review
shows that the experimental performance measurement methods, equipment, sample substrates,
and environmental conditions are not held to one standard. The commercial cool roof coatings
apply at least ASTM standards in their testing methods. It is highly desirable that “radiative
cooling” devices and technologies also follow standardized testing methods before publication. A
side-by-side comparison with a leading cool roof coating will also be helpful.
When it comes to films the medium containing the particles is just as important as the
particles it houses. The ideal medium or matrix for a cooling emitter daytime cooling according
to Naghshine and Saboonchi (2018) needs to have the transmissivity in solar spectrum Tsol < 0.2;
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a low absorptivity in the solar spectrum Asol; a high transmissivity in the m to 13 m range of
the infra-red spectrum -13, and a minimal amount of non-radiative heat transfer [26].
If the primary absorption peaks are within the atmospheric window in the wavelength range
of 8,000 nm to 13,000 nm (8-13 or frequency range of 769 cm–1 to 1,250 cm–1 the medium provides
complimentary radiative cooling properties. For example, Polydimethylsiloxane (PDMS) which
is the older technical term for silicone, is abundantly found in published research in the form of
any nanostructures and microstructures; a lot of attention is given to the microstructures, but the
one common attribute is the actual material properties.

Figure 1.2 Infrared absorption spectrum for Polydimethylsiloxane (PDMS) [14].

The infrared spectroscopy of PDMS, as seen in Figure 1.2, has a favorable spectral
selectivity for radiative cooling with high absorption peaks in the atmospheric window, but it also
can serve as a medium for spectrally selective nanoparticles in nanocomposite.
Another important material property is a large bandgap which Bao et al. [19] identified to
attain high reflectivity in the solar spectrum to lessen absorption of solar irradiation. This concept
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was taken further by Ling et al. [27] who proposed a bandgap selection rule on the possibility of
exploiting doped wide bandgap semiconductors for daytime radiative cooling applications, yet no
experimental studies were conducted. Semiconductors with bandgap energy greater than 3.5 eV
with solar radiation absorbance of less than 16 W/m2 are a good option for daytime radiative
cooling. A nanocomposite containing a 5% volume fraction of doped ZnO semiconductor
nanoparticles agrees with the goals of this research since the predicted cooling power > 100 W/m2
and a temperature drop > 10°C under a wide range of ambient temperatures [27]. Tuning the
doping parameters and selecting the right dopant will increase selectivity favorable for radiative
cooling.
After reviewing top performing experimentally demonstrated diurnal and nocturnal passive
radiative cooling concepts, which show ease of application potential to increase scale a
combination of thick film and nanoparticle-based technologies emerged as the most promising
direction for research. The nanoscale precision to interact with electromagnetic radiation can be
obtained with randomly distributed spectrally selective nanoparticles in a thick film.
1.4 Research Objectives
The overall objective of this research is to develop a passive radiative cooling thick film
nanocomposite capable of reflecting most short-wave solar radiation and emit radiation in the
primary atmospheric window of 8-13μm wavelength. Achieving this overall objective involves
four main research tasks.
The first research task was to conduct a review of passive radiative cooling to discover the
best direction to advance knowledge and develop a film that could eventually be commercialized
to benefit the society. A state-of-the-art review did not find a widely available commercial
“radiative cooling” product. However, cool roof coatings are widely available which drop roof
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top temperatures by reflecting a substantial amount of electromagnetic radiation. The research
review revealed the need to develop a practical, cost effective, scalable, and robust passive
radiative cooling coating which reduces heat transfer to surfaces by reflecting a maximum amount
of solar radiation (0.3-2.5 μm wavelength) while strongly absorbing within primary atmospheric
window (8-13μm wavelength) to emit infrared radiation (heat) through the atmosphere to deep
space.
The second task of this research is theoretical modeling of a passive radiative cooling
coating to determine if it will outperform current state of the art passive cooling technologies. The
Department of Energy modeled a 15% reduction in the annual air-conditioning energy use of a
single-story building with a “cool roof” coating [1]. However, radiative cooling modeling
conducted as a part of this research and published as “Thermal Modeling of a Building Integrated
Radiative Cooler for Space Cooling Applications” predicted that a passive radiative cooling
coating on 50% of a roof’s surface would eliminate peak cooling load of a single-story building in
Chicago, Illinois in July, while amazingly reducing the cooling load of a Miami, Florida building
by 95% in July and 90% in August [27]. The passive radiative cooling coating in the model had a
cooling power of 100 W/m2, which is significantly better than a cool roof coating to reduce a
building’s cooling load.
The third task presented in this research is a novel synthesis of selectively emitting, doped
metal oxide nanoparticles for passive radiative cooling using a low cost, scalable, non-pressurized,
low temperature, constant stir, hydrothermal batch process. Nanoparticle-based radiative cooling
technology research has gained momentum in recent years as a cost-effective means of obtaining
daytime radiative cooling [20]. Close to ideal spectrally selective nanoparticles for passive
radiative cooling are not commercially available. The hypothesis of this research is that spectrally
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selective nanoparticles will enhance nanoparticle-based radiative cooling -- experiments in this
research produced spectrally selective nanoparticles which do enhance radiative cooling.
The fourth task is the design and fabrication to integrate spectrally selective nanoparticles
into a thick film nanocomposite. The thick film provides a means to apply a radiative cooling
coating to a multitude of surfaces. Application method is chemical solution deposition or spray
coating of a paste or ink layers upon a substrate. Endless thick film application combinations
present a novel direction for future research. Additionally, it is possible to tailor the spectrally
selective radiative cooling nanoparticles to provide passive cooling to buildings during the summer
without increasing the heating load during winter months in colder climates.
Finally, applications which can benefit from the nanocomposite thick film are identified.
This concept was formulated after completion of a sponsored research project to utilize former
phosphate waste ponds for photovoltaic solar power plants. A provisional patent was granted, and
a Geosynthetic Research Institute Fellowship was awarded.

To fulfill fellowship proposal

requirements thick film nanocomposite testing on a geosynthetic material will also serve as
substrate in this research.
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Chapter 2: Theory and Modeling of Radiative Cooling Coating
2.1 Introduction
Many theories are presented in the literature as to why radiative cooling is observed; some
are true to a certain extent yet there is not one unifying theory or law that explains what is observed
experimentally.
Passive cooling “cool roof coatings” claim to significantly drop roof top temperatures by
reflecting nearly every wavelength of electromagnetic radiation incident upon its surface. These
reflective coatings reduce a large amount of electricity consumed by air conditioning units and
lower peak electricity loads. Radiative cooling coatings that emit infrared radiation through the
earth’s atmospheric window to the cold outer space and ideally reflecting all the other frequencies
outside the atmospheric window can further reduce the roof temperature. Although, there are many
commercialized cool roof coatings available in the market, none of the radiative cooling coatings
have entered the market so far. A review of the literature shows many publications that demonstrate
radiative cooling through numerous fabrication methods and material combinations. However,
these radiative cooling coatings are fabricated using complex and expensive equipment for
nanoscale precision in a controlled environment. Less complex methods that have published are
not suitable for exposing to harsh environmental conditions. Hence, passive radiative cooling
technology is still not cost-effective, scalable, and robust enough to be extensively commercialized
like “cool roof” coatings. So here the main research focus is to develop a robust, low-cost coating
that can be applied by conventional paint/coating techniques. A typical paint binder with high
absorption in the atmospheric window is used as a basic medium and nanoparticles are used to
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enhance the absorption within the required spectral range. In this paper, we describe various
theories that have relevance to the nanocomposite thick films developed in this research. Theories
include are not limited to nanoparticle, semiconductor particle, optical transmission, and
plasmonic resonance. All of these apply to the nanocomposite thick film developed in this research
to some extent.
A significant amount of solar energy in the form of photons striking the outermost
atmosphere of the Earth when integrated over all wavelengths it is called the Total Solar Irradiance
(TSI). TSI values obtained from the Total Irradiance Monitor (TIM) on NASA’s Solar Radiation
and Climate Experiment (SORCE) estimate this solar radiation at 1360.8 ± 0.5 W/m2 [28]. Once
photons contact a material’s surface multiple outcomes can occur, accordingly multiple theories
and equations can be applied to illuminate the complex interaction of solar radiation with materials
and the atmosphere.
Additionally, all bodies emit and absorb radiation. If more radiation is emitted than
absorbed, the body will cool. Passive radiative cooling concept is based on emitting radiation in
the 8 – 13 μm wavelength range, which can pass through the atmosphere without absorption. Since
the atmosphere does not absorb in this wavelength range it is known as the atmospheric window.
A selective surface that emits radiation in the atmospheric window exchanges heat directly with
the outer space, which is at the absolute zero temperature. Figure 2.1 illustrates the relation of
incoming solar radiation, heat absorbing compounds in the atmosphere, and atmospheric windows
to transmit radiation back to space.
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Figure 2.1 Solar radiation interaction with atmospheric windows at 0.7-2.5 μm, 3-5 μm, and 8-13
μm and earth’s atmosphere [29].

An atmospheric transmission window is a range of wavelengths where electromagnetic
waves can travel out to space through the air without much absorption from atmospheric gases.
Yet the effectiveness of atmospheric transmission windows can be limited by high humidity and
cloud cover, which introduces more atmospheric gases to absorb radiation, identified in research
[30]. The primary atmospheric window for the greatest radiative cooling identified in most
research is in the 8-13 μm wavelength range, yet according to Li et al. [31] there are three
atmospheric transmission windows (0.7–2.5, 3–5, and 8–14 μm). It is possible to combine multiple
absorption mechanisms in these windows for potential increases in radiative cooling results.
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Whereas the maximum reflectivity in the wavelength ranges of 0.3-0.7, 2.5-3, 5-8, and 14-25 μm
will also benefit radiative cooling.
Solar radiation incident upon a terrestrial surface may be partially absorbed, reflected, or
transmitted. According to the First Law of Thermodynamics the sum of the fractional components
of absorption (𝛼), reflection (𝜌), and transmission (𝜏) equal to one [32].
𝛼+𝜌+𝜏=1

(2.1)

Spectrally selective materials modify the absorption, reflection, and transmission of
electromagnetic radiation upon its surface. If the radiative cooling coating’s transmission equals
zero (𝜏 = 0), like an opaque body, then the surface below will not be subjected to radiative heating.
If a reflective surface is below a coating which transmits some of the solar radiation through its
medium, then the radiation will pass through the medium twice. If a reflective layer is above the
coating, the reflected radiation will not pass through the coating. Techniques to alter radiation by
layering mediums and nanoparticles are further explored in this research.
Passive radiative cooling from emission through the atmospheric window requires
selective absorption. Kirchhoff’s law states that spectral absorptivity and spectral emissivity of an
object in thermal equilibrium are equal, for every wavelength and direction. The function for a
body with a spectral and angular emissivity 𝜀(𝜆, 𝜃) of radiation has the absorptivity (𝛼) of a body
equal its emissivity (ε) at every wavelength (λ) [32]:
𝜀λ(𝜆, 𝜃) = 𝛼λ(λ, θ)

(2.2)

These laws explain how a selective surface is needed to absorb and emit infrared radiation through
an atmospheric window to space.
Thermal testing in dry climates has produced the most impressive results.

The

experimental studies presented in this paper were conducted in Tampa, Florida, which presents
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less than ideal environmental conditions for radiative cooling due to high humidity and a lot of
cloud cover - water vapor traps the infrared radiation. Added to this, the temperature and dew
point contributed to high condensation levels upon the samples at night and early morning.
2.2 Radiative Cooling Theory
In this section, various theories are described that have relevance to the nanocomposite
thick films developed in this research. They include optics, semiconductors, and plasmonic
resonance theory. All of these apply to the nanocomposite thick film developed in this research to
some extent.

An overall theoretical model that might explain the results obtained for the

nanocomposite films developed will be a complex combination of the models described below.
This fact has not been recognized in any of the published literature so far.
2.2.1 Optics
Many works cite refraction as a primary mechanism contributing radiative cooling, since
large changes in refractive index between 2 layers in a film can significantly increase its
reflectance. In optics, the index of refraction of a material is a dimensionless number that describes
how fast light travels through the material. The refractive index (n) is defined as
n = c/ v

(2.3)

where (c) is the speed of light in vacuum and (v) is the velocity of light in a medium. For example,
the refractive index of water is 1.333, meaning that light travels 1.333 times as fast in vacuum as
in water [32]. Increasing refractive index corresponds to decreasing speed of light in the material.
Numerous papers have utilized optical theories and equations to model design parameters
for radiative coolers, however, this research finds there are additional theories to consider
explaining the radiative cooling phenomenon observed. In a review on thermal radiation control
by paints and coatings, Wijewardane and Goswami (2012), presented theories and modeling
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equations for nano-sized particles in a medium. They identified pertinent modeling guidance for
random nanoparticles within a film (heterogeneous structure) through “effective medium theory”
such as the Maxwell-Garnett modeling approach for separated grain structures within a continuous
host of another material. The significant role of scattering of incident solar radiation from
nanostructures dispersed in a film can be described precisely by radiative transfer theory or
accurate Monte-Carlo simulations. Additionally, the Kubelka–Munk (KM) model can find the
diffuse reflectance of a film. Lastly, another modeling approach includes Mie scattering theory to
calculate the absorption and scattering of a film using optical and morphological characteristics of
nanoparticles [33]. Many sizes and morphologies were tested in this research as seen in Figure
3.13; however, a specific size or morphology did not garner close to ideal spectral selectivity for
radiative cooling.
Although, early in this research it was discovered that multiple particle sizes enhanced
spectral selectivity desirable for radiative cooling. Likewise, Peoples et al. also realized it was
challenging to achieve solar reflectance significantly above 85% with a single particle size. So,
they used particles in size range of 150–600 nm and observed higher reflection [34]. This equates
to reflection spanning into the UV-Vis-NIR spectrum roughly from 300 to 1200 nm. Since particle
size should be more than half the wavelength of the light to be reflected, it is best to avoid particles
in size range of 4 to 6.5 µm to prevent reflecting IR in the range of 8 - 13 µm for passive radiative
cooling. This supports observations as to why the spherical nanoparticles synthesized, ~5 µm in
diameter, in this research did not perform as well as particles of differing size and morphologies.
Thus, multiple particle sizes can reflect or scatter over a broad spectrum more effectively than any
single particle size which is more favorable for passive radiative cooling coatings; however, there
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are other factors in addition to particle size to explain what is observed such as the material
properties of particle.
2.2.2 Semiconductor Theory
Semiconductor theory offers one of the best explanations for what was experimentally
observed in this research. The zinc oxide (ZnO) nanoparticles synthesized in this research can be
classified as a wide bandgap semiconductor. A large bandgap is an important material property to
attain high reflectivity in the solar spectrum to lessen the absorption of solar irradiation [19]. After
multiple synthesis attempts of ZnO nanoparticles with different sizes, morphologies, and process
changes did not obtain spectral selectivity the direction of this research changed. The synthesis
process was modified to include dopants in hopes of producing spectrally selective ZnO
semiconductor nanocrystals.
The new direction is supported by Ling et al. [35] who proposed a bandgap selection rule
on the possibility of exploiting doped wide bandgap semiconductors for daytime radiative cooling
applications, yet no experimental studies were conducted.

The modeling predicted a

nanocomposite containing a 5% volume fraction of doped ZnO semiconductor nanoparticles
predicted cooling power > 100 W/m2 and a temperature drop > 10°C under a wide range of ambient
temperatures [34]. The semiconductor modeling results agree with the goals of this research. The
doping alters a semiconductor’s properties resulting in the suppression of solar radiation
absorption outside the atmospheric window while increasing infrared absorption inside the
atmospheric window [35].
Alone zinc oxide is a wide-bandgap II-VI semiconductor compound, since it is composed
of a group IIB (group 12 new periodic table) metal and a nonmetal from group VI (group 16 new
periodic table) found on older version of periodic table as shown in Figure 2.2. The bandgap of
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pure ZnO is 3.4 eV [36]. Doping can create a compound semiconductor which is composed of at
least two different species of chemical elements. The higher the attraction of ions in a compound,
especially in the II-VI compound, there is a tendency to increase the fundamental bandgap [37].

Figure 2.2 Section of periodic table with elements that contribute most to semiconducting material.

Usually, ZnO semiconductors crystal structure is wurtzite, however, other structures are
possible [36]. This research also produced polycrystalline crystal structures which obtained the
closest to ideal spectral selectivity for passive radiative cooling. The results of this research
experimentally demonstrated that selecting the right dopant and synthesis parameters will increase
selectivity favorable for radiative cooling. Spectral analysis in Figures 3.6, 3.7, 3.8, 3.9, 3.10, and
3.11 confirm increased selectivity by doping ZnO nanoparticles.
2.2.3 Plasmonics
Plasmonics provides insight into how doping can change semiconductor properties.
Plasmonics is the study of the interaction between light and plasmons in dielectric and metallic
structures.

Plasmons are the quantization of plasma oscillations; when coupled to an
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electromagnetic wave (incoming photons), they manifest as surface plasmon polaritons or
localized surface plasmons. The plasmon resonance of doped wide bandgap semiconductor
nanoparticles, like ZnO, may result in a significant absorption enhancement [39]. The plasmon
resonance of doped ZnO nanoparticles enhances mid infrared absorption. Absorption can be
controlled by varying synthesis process parameters like material type, particle size, and doping
concentrations.
Varying parameters equates to changing or tuning the resonance frequency (fr) within the
atmospheric window results in the best cooling performance. According to the Drude model, in
n-type doping the electric permittivity εr (f ) from free electron oscillation is:

(2.4)
where the infrared radiation frequency (f) is in units of cm−1, and the high frequency permittivity
is (ε∞), the damping coefficient from phonon scattering is (γ), the plasma frequency is (fp). and (n)
is the concentration of electrons that equals the doping concentration, assuming complete
ionization, the elementary charge is (e), the effective mass of electrons is (m), the vacuum
permittivity is (ε0) and the speed of light c = 3 × 1010 cm s−1. One value to input into equation to
help tune is to place fr in the middle of the atmospheric window, which is about 1000 cm−1
(wavelength (λ) = 10 μm). Assumptions are to set ε∞ = 3 and εm = 2.3, the plasma frequency (fp)
as 2760 cm−1 (83 THz corresponds to (λ) = 3.6 μm) according to equation 2.4.
The real part of the permittivity may become negative if f < fp, which makes plasmon
resonance possible for semiconductor nanocomposite [39]. As seen with equation 2.5 where εm is
the permittivity of the medium encasing semiconducting nanoparticles.
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(2.5)
The plasmon resonance frequency (fr) of the doped semiconductor nanoparticle is determined by
the plasma frequency (fp) and controlled by the type of dopant and its concentration [39, 40]. This
experimental research did confirm that changes in dopant type and concentrations influenced
electromagnetic radiation absorption levels of synthesized nanocrystalline semiconductors.
2.3 Heat Transfer Modeling
A passive radiative cooling thick film nanocomposite coating applied to the skin of a
building will have a radiative cooling power (kWh) which reduces a building’s energy
consumption or cooling load (kWh). This coating will face local environmental conditions all the
time, so a realistic radiative cooling modeling approach needs to consider the average climatic
conditions for a building’s location. According to ASHRAE thermal radiation contributes to more
than half of heat transfer, radiant cooling systems are a viable mechanism for controlling surface
temperature to reduce indoor thermal environment by removing sensible heat.
To accomplish realistic modeling the average hourly solar irradiance (kWh/m2) data
collected by the National Renewable Energy Laboratory (NREL) and stored in the National Solar
Radiation Database (NSRDB) were input into the model. The building’s cooling load data for the
model was obtained from ASHRAE. In this research a transient thermal model of a building
integrated radiative cooling system was carried out for passive radiative cooling of buildings. A
MATLAB code was developed for solving the heat transfer model of the BIRC system using a
numerical iterative approach. The effects of operating parameters such as cooling emissive power
and ambient conditions on the performance of the system were examined. Furthermore, effects of
non-radiative heat transfer processes were studied by considering different heat transfer
coefficients. Based on this analysis, energy savings potential of radiative cooling of buildings was
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estimated for the climatic conditions of Miami, FL, and Chicago, IL, USA for a fraction of a roof
surface covered with a radiative cooler. Further, the results of this analysis are in line with previous
studies estimating the cooling potential of up to 100 W/m2 with radiative cooling systems [27].
2.3.1 Cooling Power Calculations
The metric for radiative cooling is cooling power density, Pnet (Ts, Tatm) which is the cooling
power per unit surface area (W/m2) expressed in the heat transfer equations which account for all
heat transfer mechanisms influencing the surface temperature (Ts) in relation atmospheric or
ambient temperature (Tatm). The radiative cooling coating having surface temperature of Ts and
angular emissivity of εs (λ, θ) is exposed to the sky, and it is also subjected to both atmospheric
and solar irradiance. Net cooling power of the radiative cooler can be expressed as:

Pnet (Ts , Tatm ) = Prad (Ts ) − Patm (Tatm ) − Psun + Pc

(2.6)

Prad is the thermal radiation emitted from the cooler surface, Patm is the atmospheric thermal
radiation absorbed by the cooler surface, Psun is the absorbed solar irradiation and Pc is the parasitic
non-radiative heat loss by convective/conductive heat transfer from the cooler surface. The steady
state temperature of the radiative cooler surface is reached when the net cooling power of the
surface is zero and it can be determined by making Pnet zero in Eq. (1) and solving it for Ts. The
thermal radiation emitted from the cooler surface per unit area at temperature (Ts) can be expressed
as:
Prad (Ts ) = 2

 /2


0



d sin  cos   d  I BB (Ts ,  ) s ( , )
0

(2.7)

where λ is the wavelength, εs (λ, θ) is the spectral and angular emissivity and IBB (T, λ) is the
spectral intensity from the blackbody which can be expressed as:
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I BB (Ts ,  ) =

2hc 2
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1

exp(hc /  kbTs ) − 1

(2.8)

where k is the Boltzmann constant, h is the Planck’s constant, c is the speed of light in vacuum.
Kirchhoff’s law is used to replace the surface with the surface emissivity Ps and the
atmospheric thermal radiation Patm absorbed by the cooler surface per unit area can be expressed
as:
Patm (Ta ) = 2

 /2





d sin  cos   d  I BB (Ta ,  ) s ( , ) atm ( , )

0

0

(2.9)

The emissivity value of the radiative coating inside the atmospheric transparent window
for this research is considered as 0.75 [27]. The lower emissivity value accounts for less than
perfect selectivity and water vapor in air but could be lower if selectivity is less and/or water vapor
concentrations are higher.

The emittance of the atmosphere is considered as wavelength

independent, and it is considered as a blackbody outside the atmospheric window having unity
emittance and having a constant emittance inside the window which can be expressed as:
1/cos

 a ( ) = 1 − 1 −  a (0) 

(2.10)

The cooler surface is assumed to face the sun, therefore, did not use the angular integral of
Psolar and the emissivity of the cooler is given by its zenithal value, εs (λ, 0). The solar radiation
absorbed by the cooler surface is calculated using AM1.5 solar spectrum [41] and it can be given
as:


Psolar =  d  I AM 1.5 ( ) s ( , 0)
0

(2.11)
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The non-radiative convective/conductive heat transfer per unit surface area of cooler is
expressed as:

Pc = hc (Ts − Tamb )

(2.12)

where hc is the convective/conductive heat transfer coefficient is assumed as 6.9 W/m2 K and the
inside temperature of the building is taken as 240C [27]. Based on these parameters, the radiative
cooling power and the energy savings potential of the radiative cooler was determined this model
was validated with Granvist and Hjortsberg model [18].
2.3.2 Results
Thermal modeling in this research included a passive radiative cooling coating with a
cooling power of 100 W/m2 on 15% and 50% of a single-story roof surface of 185 m2 (1991.3 ft2)
in Figure 2.4(a). In a real world application, a passive radiative cooling coating will not just cover
15% or 50% of a roof’s surface since a coating over an entire surface is more durable and will
evenly distribute cooling power. However, the modeling percentages add another level of
practicality since the actual cooling power will be affected by many factors, like water vapor
content in air, in addition to factors identified in the equations.
Nevertheless, the surprising results from 50% coverage, predicted the total elimination of
a Chicago building’s peak cooling load in July, while reducing a Miami building’s cooling load
by 95% in July and 90% in August in Figure 2.3(d).
Only 15% of the roof area covered with radiative cooling emitter in Figure 2.3(c) can
produce 28.33% and 57.90% of cooling load for Miami and Chicago respectively in month of July
when peak cooling load occurs. Then in Figure 2.3(d), the Miami model for July and August,
predicted almost 95% and 90% of cooling demand was fulfilled by covering 50% of roof area by
radiative cooler [27].
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a)

(b)

(c)

(d)

Figure 2.3 Single story structure modeling: (a) Roof area in model with percentages of coverage
(b) Yearly cooling power and cooling load with 15% roof coverage for Miami (c) Cooling power
and cooling load for peak summer loads with 15% roof coverage (d) Cooling power and cooling
load for peak summer loads with 50% roof coverage [27].

The impressive results during the summer make it easy to understand that if the entire roof
was covered with a radiative cooling thick film coating with a cooling power of 100 W/m 2 in
Chicago the building would incur a heating load penalty during the winter months. Thermal
modeling determined that a passive radiative cooling coating on a building’s roof was a viable
technology to pursue for cooling load reduction.
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Chapter 3: Spectrally Selective Nanoparticles
3.1 Introduction
Presented is a novel, low cost, scalable, non-pressurized, low temperature, constant stir,
hydrothermal batch process to synthesize selectively emitting doped zinc oxide (ZnO)
semiconductor nanoparticles for passive radiative cooling. An ideal nanoparticle must reflect most
of the incident solar radiation, but also have strong absorption within the primary atmospheric
window (8-13 μm wavelength) to emit infrared radiation (heat) through the atmosphere to the cold
space. Currently, one material doesn’t possess ideal spectrally selective properties for passive
radiative cooling. Since nanotechnology can alter bulk material properties, it is hypothesized that
nanoparticles close to ideal spectral selectivity for passive radiative cooling will advance and
enhance state-of-the art passive cooling technology.
A nanoparticle close to the ideal spectral selectivity for passive radiative cooling is not
commercially available so this research conducted nanoparticle synthesis experiments. Innovative
modifications to the hydrothermal nanoparticle synthesis methods were made to produce
nanoparticles at a lower cost with ability to increase scale. Also. unique chemical combinations
with various process modifications to produce nanoparticles close to ideal passive radiative
cooling properties were discovered in this research.
3.2 Review of Current Technology
The review focusing on doped zinc oxide selectively emitting nanoparticles with close to
ideal properties for passive radiative cooling. This type of nanoparticle is not commercially
available. There was a gap of no experimental studies in published literature addressing spectrally
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selective ZnO nanoparticle synthesis for radiative cooling. Additionally, the search found very
few synthesis processes which meet cost effective and scalable requirements needed for radiative
cooling applications to cover large surface areas.
The closest doped ZnO nanoparticle is which is commercially available is the aluminum
doped zinc oxide nanoparticles, commonly referred to as AZO nanoparticles. A lot of information
is available in journal articles on AZO nanoparticles, and they are commercially available which
present a fine example of how the addition of dopants can change how a ZnO nanoparticle interacts
with the electromagnetic spectrum. Zhou et al. (2014) optimized aluminum nitrate doping for zinc
oxide nanoparticles to tune absorbance in the 800 nm to 2500 nm (0.8-2.5 μm) wavelength range
[40]. A research gap exists in AZO research is the doping zinc oxide nanoparticles to obtain
spectral selectivity for passive radiative cooling in the 8,000 nm to 13,000 nm (8-13 μm) range.
Experiments of doping ZnO nanoparticles with aluminum oxides and aluminum nitrates in this
research did not garner desired close to ideal properties for passive radiative cooling. Nevertheless,
information obtained from AZO research made it possible to deduce that metal oxides and metal
nitrides are good ZnO dopant candidates to obtaining selectivity in other parts of the
electromagnetic spectrum.
The Ling et al. (2020) journal article is one of the few to address the correlation between
doped semiconductor nanoparticles and daytime radiative cooling, although experimental research
was not conducted. They modeled a metamaterial containing 5% (volume fraction) of doped ZnO
nanoparticles and predicted a cooling power greater than 100 W/m2 and a temperature drop greater
than 10 °C and concluded that doped ZnO nanocrystalline semiconductor’s solar spectrum and
mid-infrared properties can be easily controlled by doping concentrations during synthesis process
[35].
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After reviewing nanoparticle synthesis methods, it was determined that the hydrothermal
synthesis method is the most cost effective. Makarona et al. (2015) delved into fabrication of a
seeding layer for hydrothermal synthesis of zinc oxide nanostructures. The first step to prepare
ZnO seed layers begins with using a 40mM sol-gel of zinc acetate dihydrate (Zn(CH3COO)2 x
2H2O, Merck) dissolved in ethanol (C2H6O, Carlo Erba Reagents). Then the seeding solution was
spin coated onto the substrates followed by a 10-minute annealing step on a hot-plate for
temperatures ranging from 150C to 500C after each coating. The coating and annealing steps
were repeated up to ten times [42].
The hydrothermal synthesis is a low-cost method. Yet, the high energy spin coating
solvothermal seeding layer fabrication method presented limits scalability, does not bode well with
large scale production of nanoparticles, and undermines the simplicity and very low cost of
hydrothermal growth method.

This research uses the cost-effective hydrothermal synthesis

process, but also presents a better seeding method to simplify, reduce costs and improve scalability.
3.3 Materials
A safe and cost-effective approach to material selection involved chemicals chosen for low
to no toxicity. The precursor solution consisted of a mix or either zinc acetate (Zn(C2H3O2)2 or
C4H6O4Zn) or zinc nitrate hexahydrate (Zn(NO3)2∙6H2O) and hexamethylenetetramine (HMTA),
(CH2)6N4, also known as methenamine or hexamine. The surfactant used was sodium dodecyl
sulfonate (SDS) or sodium lauryl sulfate (SLS), CH3(CH2)11SO4Na. Seed particles comprised zinc
oxide powders < 100 nm and < 50 nm nominal sizes. All chemicals were purchased from Sigma
Aldrich.
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3.3.1 Thermal Properties
Zinc oxide is a main ingredient in thermal control coatings (TCC) for spacecraft since it
can endure long exposure times in high intensity direct solar radiation and the harsh thermal
environment of space to maintain solar reflectance and temperature control. Spacecraft thermal
management is obtained using radiators coated with TCCs that diffusely reflect the sun’s high
energy visible (VIS) and near infrared (NIR) radiation, while emitting infrared (IR) energy as a
method of radiatively cooling. In 2003 an optimized TCC utilized a potassium silicate binder and
ZnO pigment with a mean particle size of 0.35 µm to scatter wavelengths from 380 to 1000 nm
[43]. The thermal conductivity of wurtzite zinc-oxide is 50 W/mK at room temperature which is
high in comparison to many materials [44]. A high thermal conductivity value means the material
delivers efficient heat removal with a high rate of heat transfer, which is another complimentary
property for effective radiative cooling.
3.3.2 Absorption Bands
It is no coincidence that certain materials appear over and over in theoretical and
experimental radiative cooling studies. Absorption bands with primary absorption peaks within
atmospheric window in the wavelength range of 8,000 nm to 13,000 nm (8- 13 μm) or frequency
range of 769 cm–1 to 1,250 cm–1 is a common property among these materials. For instance, in
Figure 3.1, silica or silicon dioxide (SiO2) also referred to as quartz powder has its primary
absorbance peak at 1,085 cm–1 within the atmospheric window [14]. This is a material which
comes close to radiative cooling spectral selectivity, yet there are other peaks outside the window.
Silicon dioxide makes a great inorganic filler and dopant for batch ZnO synthesis process as
discovered in this experimental research.
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Figure 3.1 Infrared absorption spectrum for silicon dioxide (SiO2) atmospheric window is box in
frequency range of 769 cm–1 to 1,250 cm–1 [14].

Some molecular bonds have high absorption within the primary atmospheric window
needed for spectral selectivity for radiative cooling. Since one material does not entirely fill the
8-13 um range, Gentle and Smith provided theory and modeling, yet did not perform experiments,
on proposed use of pure SiC and SiO2 nanoparticles embedded in 25 μm thick free-standing
polyethylene medium.

They proposed combining the complementary absorption bands of

crystalline SiC nanoparticles in 10.5 to 13 μm range with SiO2 nanoparticles absorption band of 8
to 10 μm range as an effort to increase absorption in the atmospheric window [45]. However,
despite the polyethylene medium’s low absorption in 8-13 μm range in Figure 3.2 it has a high
absorption band 3.3 - 3.5 μm range which offsets the overall cooling effect.
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Figure 3.2 Infrared absorption spectrum for low density polyethylene (LDPE) atmospheric
window depicted by a box in frequency range of 769 cm–1 to 1,250 cm–1 [14].

Knowing the absorption bands of medium housing nanoparticles assists in understanding
its impact on the radiative cooling coating performance. For instance, in Figure 3.2 low density
polyethylene (LDPE) is almost transparent within the atmospheric window. However, despite the
polyethylene medium’s low absorption in 8-13 μm range in Figure 3.2 it has a high absorption
band 3.3 - 3.5 μm range which would also offset the overall cooling effect [14]. If used as a coating
instead of a convection cover a lot of thermal radiation would pass to the substrate. If the substrate
is not reflective it will absorb thermal radiation and get hotter. This research is focused on
optimizing the absorption bands of both the medium and nanoparticles. A way to improve the
medium in coatings is to modify the bulk counterpart properties through the addition of
nanoparticles to form nanocomposite. This research went a step further by synthesizing doped
zinc oxide semiconducting nanocrystals to yield a more favorable spectrum for radiative cooling.
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3.4 Experimental Setup
Presented is a novel, low cost, scalable, non-pressurized, low temperature, constant stir,
hydrothermal batch process to synthesize selectively emitting nanoparticles for passive radiative
cooling. This non-pressurized hydrothermal batch process is a safer, easier to increase scale, and
lower energy alternative than hydrothermal autoclave synthesis and yields more nanoparticles.
Other hydrothermal methods cannot be scaled upward as easily due to limited size of autoclave
reaction vessel or small specially prepared substrates in solution. Autoclave limitations are high
temp, pressurized, low volume [46].

Experimental synthesis of pure zinc oxide (ZnO)

nanoparticles exhibited properties to enhance radiative cooling, yet synthesis experiments did not
garner spectral selectivity until unique chemical combinations, dopants, and synthesis process
manipulations were made in the ZnO nanoparticles synthesis process.

Figure 3.3 Hydrothermal synthesis apparatus includes Thermo Scientific SAHARA Series heated
bath circulator and 500mL reactor beaker over magnetic stirrer.
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Initial experiments focused on evaluating the selectivity different dopants. Dopants which
contributed to spectral selectivity were subjected to repeated experiments to verify process can be
repeated. Then variations in temperature, dopant amounts, dopant combinations, seed size,
surfactants, and solvent type were examined to optimize process.

Figure 3.4 Rinsing, vortex mixing, and centrifuging of nanoparticle mixture.

In Figure 3.4 photos are of the following: (top left corner) has the nanoparticle synthesis
mixture under constant magnetic stirring in reactor beaker, (top right corner) nanoparticles
precipitated on bottom of reactor beaker after synthesis run, (bottom left corner) particles in tube
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on vortex mixer, (bottom center) nanoparticles dispersed in DI water, and (bottom right corner)
mixture placed in centrifuge.
The non-pressurized hydrothermal batch process utilized a Thermo Scientific SAHARA
Series heated bath circulator, in Figure 3.3, to provide a constant temperature to 500 mL reactor
beaker with a magnetic stirrer for the synthesis of nanoparticles. Chemical reaction temperatures
were in the range of 60-95C for experimental synthesis batches for a low energy process.
The reactor beaker contained the mixture of precursor and seed in 500 ml of deionized
water (DI) water. The precursor or growth solution had a 25-29 mMl concentration of zinc acetate
(Zn(C2H3O2)2

or

C4H6O4Zn)

or

zinc

nitrate

hexahydrate

(Zn(NO3)2∙6H2O)

and

hexamethylenetetramine (HMTA), (CH2)6N4. Magnetic stirring was kept at a constant rate during
reaction for each dopant to ensure identical growth parameters for the samples investigated.

Figure 3.5 Nanoparticle precipitate oven dried, then mortar and pestle to form powder.
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In Figure 3.5 photos are of the following: (top left corner) nanoparticle mixture before
rinsing, (top center) nanoparticle mixture after centrifuge and rinsing, (top right corner)
nanoparticle mixture placed in oven (bottom left corner) dried nanoparticles in beaker, (bottom
center) dried nanoparticles in beaker, and (bottom right corner) mortar and pestle to form powder.
The synthesis reaction terminates when heating and stirring cease. After the reaction
terminates the solution cools to room temperature and particles precipitate and settle to the bottom
of reaction beaker. The remaining DI water above the nanoparticles is removed with a syringe.
Effective rinsing begins by placing the concentrated solution in a centrifuge tube with clean DI
water, then the tube is placed on a vortex mixer for 30 seconds prior to centrifuging at 3,600 to
4,700 rpm for 7 minutes. The cloudy water above nanoparticles is removed and replaced with
clean DI water. The tube is again placed on vortex mixer and rinsing steps are repeated 2 times or
more times until remaining DI water above nanoparticles is clear of reaction byproducts. The
remaining nanoparticle concentration is oven dried at 100C for ~15 hrs. or until all moisture
removed. Mortar and pestle were used to grind dried particle batch into a powder.
This hydrothermal process has many parameters to manipulate to effectively control the
final properties such as particle size, morphology, chemical combinations, and crystalline structure
of the final nanoparticle batch. Spectral selectivity is tuned through dopants and surfactants. For
example, changing the growth solution concentration will modify the size of particles and
temperature is one variation to modify morphology [47].

Also note in this research the

nomenclature for each nanoparticle batch starts with RC for radiative cooling followed by batch
number, for example the first radiative cooling nanoparticle batch is RC 1.
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3.4.1. Nucleation
A lot of research examined seeding layers as nucleation sites for the synthesis of ZnO
nanoparticles. The seeding layer is essentially a small specially prepared substrate inside rection
vessel to promote aligned or epitaxial growth of nanoparticles on a substrate. Since the intended
application for this research is the random dispersion of doped ZnO nanoparticles to form a
nanocomposite material there is no seeding layer during hydrothermal synthesis. Instead, the seed
particles function as nucleation sites in the growth solution in reaction vessel. These seed particles
are constantly suspended by magnetic stirring which increases yield since the nucleation site is not
limited to the size of specially prepared substrate.
This unique nanoparticle synthesis seeding method also presents a cost-effective and
scalable synthesis process for radiative cooling. Other hydrothermal methods cannot be scaled
upward as easy. For example, the relatively low-tech autoclave synthesis process has a limited
size autoclave reaction vessel placed in high temperature oven which cannot be scaled as easy.
The seed particles provide a surface nucleation where dissolved solute can grow into
crystal. This process eliminates a major limiting factor for upward scaling found in current state
of the art research which rely upon small specially prepared substrates for aligned or epitaxial
nanoparticle growth [42]. The nanoparticle-based radiative cooling thick film coating has
randomly distributed particles in a medium, so the final powder form of a nanoparticle batch works
best.
Also, the seed size and chemical composition of the can vary greatly to influence the
nanoparticle size, which leads to another process modification presented in this research to
synthesize multiple size particles in one hydrothermal reactor batch.

Initial experiments

discovered multiple (aka hierarchical) particle sizes in a matrix exposed to electromagnetic
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radiation increased spectral selectivity required for radiative cooling. The multiple-size
modification results from using nano powders of varying particle sizes to function as a nucleation
site (seed) in colloidal solution for nanoparticle growth. Experimental studies with ZnO nano
powders with particle sizes <50 nm and <100 nm produced resultant of different sizes.
3.4.2 Dopants
Journal articles and commercially available nanoparticles such as aluminum doped zinc
oxide nanoparticles demonstrate that the addition of dopants can change how a ZnO nanoparticle
interacts with the electromagnetic spectrum. Zhou et al. (2014) optimized aluminum nitrate doping
for zinc oxide nanoparticles which are commonly referred to AZO nanoparticles to tune
absorbance in the 800 nm to 2500 nm wavelength range [40]. A gap exists in research is the lack
of doped zinc oxide nanoparticles to obtain spectral selectivity for passive radiative cooling in the
8,000 nm to 13,000 nm (8-13 μm) range. Good candidates for obtaining selectivity are metal
oxides and nitrides.
In this research single dopants combined with precursor solution and surfactant obtained
spectral selectivity. Some of the dopants investigated include but are not limited to Ag2O, Al2O3,
Cu2O, MgO, SiO, SiO2, SiO4, Si3N4, SnO2, TiO2, Fe3O4, VO2, SnO, and CeO. In some batches, a
single dopant produced excellent results. Further experimental investigation into combining more
than one dopant produced some interesting results. For example, batch RC 41 introduced two
dopants of Si3N4 and SiO2 early in the process – selectivity within the window consisted of double
peaks higher than single dopants however less absorptance over the whole atmospheric window
as observed in Figure 3.10. Combination doping is an area of further research to enhance or tune
the doped ZnO nanoparticle’s spectral selectivity.
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3.4.3 Surfactants
A key component of the growth solution, hexamethylenetetramine (HMTA), (CH2)6N4,
also functions as a surfactant. Adding another surfactant like sodium dodecyl sulfate (SDS) or
sodium lauryl sulfate (SLS), CH3(CH2)11SO4Na, decreased surface tension and assisted with
dispersing and suspending nanoparticles in solution to prevent agglomeration during synthesis
[47]. Then sonication of nanoparticle mixtures over 30 minutes further reduced agglomeration.
3.4.4 Agglomeration
Agglomeration of nanoparticles is essentially unavoidable with random dispersion in a
medium. It was discovered that not only different sized nanoparticles enhanced radiative cooling,
but also the agglomeration did not adversely affect the spectral properties. In the SEM in Figure
4.9 agglomeration is purely visible, yet the thick film samples produced high levels of radiative
cooling.
3.5 Characterization of Nanoparticles
The nanoparticles were characterized using Fourier Transform Infrared (FTIR)
spectroscopy, UV-Vis spectroscopy, Scanning Electron Microscope (SEM), X-ray diffraction
(XRD), and a Zeta sizer.
3.5.1 Infrared Spectroscopy
Spectral analysis by Fourier Transform Infrared (FTIR) Spectrometer verified synthesis of
spectrally selective nanoparticles. The nanoparticle infrared spectroscopy was performed using
the Perkin Elmer Series 100 FTIR with Attenuated Total Reflectance (ATR) attachment. Sample
preparation for ATR spectral analysis involved powder form of nanoparticles upon diamond ATR
lens. The x-axis on the ATR graphs were converted from frequency (cm-1) to wavelength µm in
microns for a stronger presentation of the spectrum in relation to the atmospheric window.
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Figure 3.6 Infrared absorption spectrum for pure Zinc Powder and pure ZnO nanoparticles in
relation to the atmospheric window of 8-13 µm wavelength.

The infrared spectrum for pure ZnO powder (<100 nm) has low infrared absorption. This
analysis supports why ZnO powder of pigments are used for thermal control coatings, yet the
powder does not have the desired selectivity for passive radiative cooling in the Earth’s
atmosphere. When the ZnO powder is introduced into a growth solution for the hydrothermal
synthesis of ZnO nanoparticles, as seen in Figure 3.6, the infrared spectrum significantly changes
with absorption increasing from 6 -12 µm. Yet this increase kept higher levels past 15 µm to still
fall short of desired spectral selectivity of only high absorption in 8-13 µm range of the
atmospheric window.
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Figure 3.7 Infrared absorption spectrum for doped ZnO nanoparticles (RC 10, 35, 40) demonstrate
spectral selectivity inside atmospheric window 8-13 µm.

Replication of Si3O4 doped ZnO hydrothermal batch synthesis of RC 10, 35, and 40, in
Figure 3.7, produced somewhat consistent infrared absorption spectrum results despite minor
variations in the process. The increase in selectivity and absorption favorable for passive radiative
cooling over pure ZnO powder and pure ZnO nanoparticles was a successful demonstration that
doping of ZnO nanoparticles can be of a benefit to radiaitve cooling technology. Increased
selectivity of batch RC 40 is attributed to the improved rinsing process with the introduction of
centrifuging to get rid of more reaction byproducts.
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Figure 3.8 Infrared absorption spectrum for dual dopants ZnO nanoparticles (RC 41) demonstrate
spectral selectivity inside atmospheric window 8-13 µm.

The unique spectra of RC 41, in Figure 3.8, is attributed to the use of two dopants SiO2 and
Si3N4 whom have different absorption peaks. The combination of the two dopants and resulting
lattice defects contributed to a threefold increase in lattice strain over the commercially available
ZnO powder. The two absorption peaks, located at ~10.75 µm and at ~11 µm, exceeded the peak
for single dopant, in Figure 3.7, while the overall infrared spectrum still maintained spectral
selectivity favorable for radiative cooling.
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Figure 3.9 Infrared absorption spectrum for doped ZnO nanoparticles from RC 33 batch (top left)
SEM image (top right); RC 42 batch demonstrate spectral selectivity inside atmospheric window
8-13 µm (bottom left) and TEM of coated RC 33 seed particle in RC 42 batch (bottom right).

Multiple sized nanoparticle batch RC 33, in Figure 3.9, was unable to obtain close to ideal
spectral selectivity in atmospheric window for radiative cooling.

However, when RC 33

nanoparticles were used as seed for precursor solution in RC 42 batch the desired spectral
selectivity with an absorption peak at 10.6 µm and increased reflectivity outside the atmospheric
window 8-13 µm was attained. The RC 42 nanoparticles TEM image, Figure 3.9 bottom right,
clearly depicts RC 33 nanoparticle coated with new ZnO crystallization. This research discovered
a method to tune spectral selectivity of a nanoparticle batch for radiative cooling by using doped
ZnO nanoparticles as a seed in growth solution to coat the nanoparticles with a new crystal layer.
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Figure 3.10 Infrared absorption spectrum comparison for: pure zinc oxide powder, pure ZnO
nanoparticles, and doped ZnO nanoparticles (RC 10, 35, 40, 41, 42) demonstrate spectral
selectivity inside atmospheric window 8-13 µm.

Replication of the desired spectral selectivity of the highest absorption within the
atmospheric window (8-13 µm) and minimal absorption outside the window with doping ZnO
nanoparticles during the hydrothermal synthesis process is demonstrated in Figure 3.10.
3.5.2 Ultraviolet and Visible Spectroscopy
Ultraviolet and visible spectroscopy (UV-Vis) spectroscopy equipment included the Ocean
Optics

USB-2000

UV-Vis-NIR

spectrometer

and

the

DeNovix

DS-11

Spectrophotometer/Flourometer. This equipment also included the near infrared spectrum (NIR)
into the analysis. UV Vis spectral analysis verified certain nanoparticle doping combinations
produce enhanced reflection and/or scattering.
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Figure 3.11 UV-Vis spectra comparison of pure ZnO and doped ZnO nanoparticle batch.

The pure ZnO nanoparticles labeled as ZnO 16 hr. in Figure 3.11 had a distinct absorbance
peak at 378 nm wavelength, while doped ZnO nanoparticles from batch RC 22 are highly reflective
over the entire UV-Vis spectrum. The ability to change the spectral selectivity of a pure zinc oxide
nanoparticle is a novel and significant enhancement to passive radiative cooling properties.
3.5.3 Nanoparticle Size Distribution
Particle size distribution measurements for each batch were conducted with Malvern
Zetasizer nano series instrument using a quartz cuvette with nanoparticles dispersed by sonication
of at least 25 minutes in DI water. Normally with batch nanoparticle synthesis one particle size
becomes predominant. To increase spectral selectivity favorable for passive radiative cooling
experimentation into obtaining more than one size of nanoparticle per batch was conducted.
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Figure 3.12 Zeta-sizer output showing two ZnO nanoparticle sizes in one batch.

The RC 24 batch in the Figure 3.12 had two peaks graph represent 2 particle sizes where
47.9% of the particle size was 45.7 nm, while 52.1% had a particle size of 270 nm. These results
confirm the successful use of two different seed sizes in precursor solution the batch to produce
two different size nanoparticles in the same batch. This process can be further optimized to obtain
particle size combinations offering most favorable results.
3.5.4 Scanning Electron Microscope (SEM)
The SEM provides visual analysis of nanoparticle size and morphology. The Hitachi S800
and the Hitachi SU70 SEMs were utilized in this research. The hydrothermal process batch process
in this research can produce a wide array of sizes and morphologies as seen in Figures 3.13 and
3.14. The morphologies include but are not limited to spheres, nanorods, nanoneedles, nanoplates,
nanosheets and hexagonal cylindrical structures. Even though the hydrothermal process could
produce spherically shaped nanoparticles, in Figure 3.13(a), further experimentation with spherical
nanoparticles did not resume since better passive radiative cooling results were obtained with other
morphologies.
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(a)

(b)

(c)

(d)

Figure 3.13 SEM micrographs hydrothermally synthesized ZnO nanoparticles. (a) Spherical doped
ZnO (b) Hexagonal pure ZnO (c) Nanorods doped ZnO RC 33 (d) Multiple size doped ZnO RC
32.

Figure 3.14 shows the batches with high spectral selectivity comprised of many shapes and
sizes which is contrary to a lot of research which touts morphology and size. All are of a crystalline
structure and some exhibit strong agglomeration like the crystalline nanosheets. Nevertheless,
most of these nanoparticle batches obtained more spectral selectivity than commonly used
radiative cooling compounds commonly found in leading commercially available cool roof
coatings and passive radiative cooling research. An interesting observation is the more spectrally
selective a nanoparticle the more difficult it was to get a clear SEM micrograph.
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(a)

(b)

(d)

(c)

(e)

Figure 3.14 SEM image of doped ZnO batches with hierarchical sized nanoparticles. (a) RC 41
nanoneedle and nanosheet double dopant ZnO (b) RC 33 nanorods doped ZnO (c) RC 36 multiple
morphology and size doped ZnO (d) RC 40 nanosheets with a lot of agglomeration (e) RC 37
multiple size doped ZnO.

3.5.5 Transmission Electron Microscopy (TEM)
The TECNAI F20 TEM with a point resolution of 0.24 nm (2.4 Angstrom) and
magnification range of 25x – 1030 kx was utilized for analytical nanostructure analysis. Different
crystalline structures and degrees of agglomeration were observed by the Transmission Electron
Microscopy (TEM) in Figure 3.15(a).
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(a)

(c)

(b)

(d)

Figure 3.15 Transmission Electron Microscope (TEM) analysis (a) Image of TEM (b) Crystalline
structure RC 41 (c) 50 nm magnification RC 40 doped ZnO crystalline nanosheets dispersed in
many orientations (d) 5 nm magnification RC 40 doped ZnO batch with hierarchical sizing.

Transmission Electron Microscope (TEM) analysis for RC 40 revealed recrystallization in
the synthesis process resulting in crystalline nanosheets in multiple orientations fused together
with random crystallographic orientations to form a polycrystalline structure Figures 3.15(c)(d).
The crystalline nanosheets in multiple orientations observed by the TEM analysis for RC 40
contribute to the spectral selectivity of these nanoparticles.
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The random arrangement and multiple sizes of nanocrystals in Figure 3.15(d) clearly depict
the unique structure which in experimental testing obtains near ideal spectral selectivity despite
agglomeration.
3.5.6 X-ray Diffraction (XRD)
The crystalline structure of doped ZnO nanoparticles were analyzed by a Powder X-ray
diffraction (XRD) model PANalytical X'Pert Pro MRD system with Cu Kα radiation (wavelength
= 1.5442 Å) operated at 40 kV and 40 mA. The evaluation was performed on a randomly oriented
nanoparticle powder. XRD is an analytical technique for determining the degree of crystallinity
of a sample as well as what crystal structures exist. The spacing of the various peaks provides
information to determine the crystal structure lattice parameters.
Also, XRD is used to identify phases of a crystalline material and provide information on
unit cell dimensions. A sample is scanned through a range of 2θ angles to attain all possible
diffraction directions of lattice. The diffracted X-rays are detected, processed, and counted. Each
mineral has a set of unique d-spacings. Conversion of diffraction peaks to d-spacings allows
comparison of d-spacings with standard reference patterns to identify minerals [48].
Data is presented in the form of a table or an x-y plot as peak positions at 2θ and X-ray
counts (intensity). Intensity (I) is either reported as peak height intensity, that intensity above
background, or as integrated intensity, the area under the peak. The relative intensity is recorded
as the ratio of the peak intensity to the most intense peak [49]. Peak positions occur where the Xray beam has been diffracted by the crystal lattice. Broad diffraction peaks are typically attributed
to a smaller particle size [50].
The Scherrer Equation is used to determine crystallite size:
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(3.1)
where P is the average crystallite size, k is particle shape factor, λ is the X-ray wavelength (0.1542
nm), β is the angular line width of half-maximum intensity and θ is the Bragg’s angle [51].

Figure 3.16 XRD patterns of ZnO nanocrystals with different dopants: RC 38 - Fe2O3 + TiO2 (red);
and RC 32 - Fe2O3 (blue).

XRD analysis verified new peaks obtained from the crystallographic planes of hexagonal
ZnO show that the dopant combinations altered the ZnO crystalline structure. For example, in
superimposed graphs in Figure 3.16 for batch RC 32 and RC 38, each with a different dopant,
produced nanocrystals with differing peak intensities for same peak positions and extra peaks for
RC 38 verify different crystal systems.
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Figure 3.17 XRD pattern comparison of commercially available ZnO powder (red) to doped ZnO
nanocrystals from batches RC 41 (purple), RC 42 (green), and RC 46 (blue).

Presented in Figure 3.17 graph is a stacked comparison of XRD analysis on three
nanocrystalline semiconductor batches RC 41 (purple), RC 42 (green), and RC 46 (blue) to the
commercially available ZnO powder the bottom pattern (red). The crystallite size for the ZnO
phase calculated using Scherrer’s formula for the commercial ZnO powder, RC 41, RC 42, and
RC 46 are 323 nm, 269 nm, 296 nm, and 340 nm respectively.

The variations in the

semiconducting crystal parameters are most likely contributing to different spectral selectivity
observed in this research. Shifting or new XRD peaks are an indication of structural changes in a
material. The doping of the pure zinc oxide material resulted in many changes to the XRD spectra,
we can attribute this to the dopant modifying the pure zinc oxide structure.
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3.6 Conclusion
Presented is a novel hydrothermal batch synthesis method for doping ZnO nanoparticles to
obtain spectrally selectivity for radiative cooling. Spectral analysis of doped nanoparticles verifies
selective and enhanced absorption within the primary atmospheric window. Also demonstrated in
this research is the ability to tune or adjust the cooling power of a coating by varying the spectral
selectivity and absorption properties of nanoparticles.

The nanoparticles produced in this

experimental research were tuned to be selectively emitting in the atmospheric window and highly
reflective outside the window. Hydrothermal batch synthesis is a cost effective, safe, and scalable
process which is a good fit for passive radiative cooling applications.
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Chapter 4: Passive Radiative Cooling Thick Film Nanocomposite
4.1 Introduction
A passive cooling structure requires no extra energy after application to function as a
surface temperature control system.

Passive cooling via state-of-the-art cool roof coatings

significantly drop roof top temperatures by reflecting nearly every wavelength of solar radiation
incident upon its surface. Reflective coatings reduce a large amount of electricity air conditioning
units consume and lower peak electricity loads.

Passive radiative cooling thick film

nanocomposite coatings combine “reflective cooling” with “radiative cooling” to drop surface
temperatures even further for a greater cooling load reduction and energy savings, but also to tailor
cooling power for colder climates to avoid costly heating load increases during winter weather.
Additionally, the thick film serves as a medium for integrating spectrally selective nanoparticles
that maximize solar radiation reflection (0.3-2.5 μm wavelength) and absorption within primary
atmospheric window (8-13μm wavelength) to emit infrared radiation (heat) through the
atmospheric window to space.
Innovative passive radiative cooling coating designs are required since one material does
not possess all the desired properties. Presented is a new direction of research to improve upon
cool roof technology utilizing selectively emitting nanoparticles and varying thick film
nanocomposites. The goal of this research is to develop a passive radiative cooling thick film
nanocomposite coating that is practical, cost effective, scalable, and robust. A scalable passive
radiative cooling coating to cover 2% of the earth’s surface, approximately 10 million square
kilometers, could significantly reduce global warming by balancing the global heat flux.
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4.2 Materials
4.2.1 Absorption Bands
Some materials have molecules with chemical bonds that vibrate at frequencies in the
primary atmospheric window which results in the absorbing and subsequent emission of infrared
radiation essential to radiative cooling.

The primary atmospheric window frequency or

wavenumber range is 769 cm–1 to 1,250 cm–1 and the wavelength range is 8,000 nm to 13,000 nm
(8-13 μm). A key component of fabricating a passive radiative cooling thick film nanocomposite
is the selection of materials or the synthesis of nanomaterials whose primary absorption peak is
within the atmospheric window, while small to no absorption peaks exist outside the atmospheric
window.
The first necessary condition for a molecule to absorb infrared radiation is a molecule’s
vibrations that change the dipole moment (difference in electronegativity between two chemically
bonded atoms) with regard to changes in bond distance is a non-zero value. The equation for this
condition places the derivative for changes in dipole moment divided by the derivative of changes
in the bond distance and the quotient is not equal to zero:
dμ/dx ≠ 0

(4.1)

where dμ is the change in dipole moment and dx is the change in bond distance [52].
The second necessary condition for infrared absorbance is the energy of the photons
striking a molecule must equal a vibrational energy level difference within the molecule. The
following equation summarizes this condition as follows:
ΔEvib = hcW

(4.2)

where ΔEvib is the vibrational energy level difference for a molecule, h is Plank’s constant (Joulesec), c is the speed of light (cm/sec) and W is the wavenumber (cm–1). Infrared active vibrations
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are those which satisfy the terms of this equation with proper wavelength selection. If the photon
energy doesn’t meet the conditions in this equation, the molecule will absorb the photon, otherwise
it will be transmitted, scattered, or reflected by the material. Infrared active vibrations are the
source for bands observed in a FTIR produced infrared spectrum [53].
This research favored the use of inorganic materials which are more robust and durable
than organics. Added benefits of inorganic materials over organic materials is the infrared bands
tend to favor lower wavenumbers (closer to the atmospheric window) and the infrared bands are
less in number and wider which favors the fabrication of a spectrally selective materials for
radiative cooling. Diatomic molecules produce a single vibration along the chemical bond with
the normal modes of vibration as linear or bent. While some ions, inorganic compounds with
covalent bonds, can show two absorption bands because of Fermi resonance [54].
Electromagnetic radiation can be classified as a wave and a particle transmitting travels via
massless energized photons and Fermi resonance is a consequence of quantum mechanical
wavefunction mixing which involves the shifting of the energies and intensities of absorption
bands in an infrared spectrum. Fermi resonance induces shifts in existing absorption bands, it
doesn’t create additional bands. The resonance starts with the highest energy mode shifting to
higher energy and the lowest energy mode shifts to still lower energy. Then the weakest mode
gains intensity and the higher energy band decreases in intensity. [55]. The result is two distinct
absorption peaks in the infrared spectrum.
The material selection in this research took into account the absorption bands of both the
nanoparticles and the thick film medium. Materials with metallic bonds and inorganic ions have
absorption bands which fall within the 769 cm–1 to 1,250 cm–1 range of the atmospheric window.
The M in diatomic bonds as seen in Table 4.1 stands for metal.
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Table 4.1 Infrared Absorption Bands for Inorganic Diatomic Molecules and Common Inorganic
Ions [53, 54, 55].
Diatomic Inorganic Molecules

Infrared Absorption Bands

M-H stretching

1,700 cm–1 - 2,250 cm–1

M-H bending

600 cm–1 - 800 cm–1

M=N stretching

875 cm–1 - 1,020 cm–1

M=O stretching

850 cm–1 - 1,010 cm–1

Common Inorganic Ions
SO42-

1080 - 1,130 cm–1, 610- 680 cm–1

SiO42-

900 cm–1 - 1,100 cm–1

PO43-

950 cm–1 - 1,100 cm–1

NO3-

1,340 - 1,410 cm–1, 800 - 860 cm–1

MnO4-

890 - 920 cm–1, 840 - 850 cm–1

As you can see in Table 4.1 the bonds of metal oxides (M=O) and the bonds of metal
nitrates (M=N) ideally have large absorption bands within the atmospheric window which is near
ideal for a passive radiative cooling selective surface.
4.2.2 Medium Containing Spectrally Selective Nanoparticles
A medium is also the matter electromagnetic radiation travels through to reach
nanoparticles. A coating medium not only encapsulates the spectrally selective nanoparticles and
fillers, but also functions as a binder to facilitate adhesion of film to a multitude of surfaces. Some
mediums/binders also have favorable spectral selectivity properties; like acrylic paint with
absorption bands in atmospheric window to enhance passive radiative cooling.
Cool roof coatings contain randomly distributed reflective nano and micro sized particles
in an acrylic or silicone binder. The thick film medium and/or binder chosen for this research are
acrylic paint and siloxane mirror the adhesive, robust, and elastomeric properties of the
commercially successful cool roof coatings.
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This experimental research discovered a medium’s spectral properties have a large
influence upon the thick film’s properties.
4.2.3 Spectrally Selective Nanoparticles
Spectrally selective nanoparticles are a key component of the thick film nanocomposite.
Integration of nanoparticles into a thick film protects them from the elements and binds them to
surfaces. Tuning the thick film’s cooling power can be accomplished by selecting nanoparticles
with varying levels of absorption in the atmospheric window and reflectivity outside the window.
Testing of thick films with nanoparticles closest to ideal spectral selectivity for passive
radiative cooling will offer the highest cooling power. In experimental research, complimentary
primary absorption peaks for the medium and nanoparticles inside the atmospheric window, in
Figure 4.4, provided the greatest spectral selectivity favorable for radiative cooling since the
acrylic medium and the RC 10 nanoparticle’s spectrums were the most selective.
4.2.4 Fillers
The fillers in a paste layer can prevent transmission of solar radiation to the substrate and
limit heat transfer. If the substrate is not reflective and strongly absorbs solar insolation the use of
a paste layer with fillers may be necessary. A filler with strong absorbance will need a reflective
bottom layer and/or a reflective and/or selective cover or ink layer to obtain radiative cooling. A
thick film with high reflectivity fillers is the equivalent of cool roof coating, so to add radiative
cooling it will need a selective layer or selectively nanoparticles in paste.
4.2.5 Solvents
The solvents used in this research, which demonstrate excellent wettability for an even
coating over substrates without cracking were ethanol (C2H6O) and isopropyl alcohol (C3H8O).
These cost-effective, widely used, commercially available, and relatively low toxicity solvents
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align with the goals of this research. A mixture of suspended spectrally selective nanoparticles in
a solvent for Chemical Solution Deposition (CSD) enhances the random distribution and even
nanoparticle coverage of a surface. Also, a compatible solvent can thin the nanoparticle and binder
mixture for effective aerosol spraying. The ratio of solvent to binder will vary; for example,
siloxane to ethanol may exceed 50:50 for aerosol spraying.
4.3 Fabrication of Thick Film Nanocomposite
The fabrication concept in this research is akin to microelectronic thick film fabrication
only in the sense that it’s also an additive process which entails the application of thicker paste
layers and thinner ink layers upon substrate as needed. The layers are added sequentially to the
substrate to create a thick film nanocomposite with the desired properties. The resultant
performance is dependent upon many factors like substrate properties, nanoparticle properties,
medium properties, and climatic conditions.

Another departure is much lower energy for

fabrication process since high curing temperatures are not required. The binders (mediums) in the
film adhere to surfaces and dry at standard ambient temperatures to be cost effective and scalable
like cool roof coatings.
4.3.1 Application Methods
The application methods in this research are chemical solution deposition (CSD) and/or
spray coating of a paste and/or ink layers upon a substrate in Figure 4.2. This research employs
easy to apply mediums to form a thick film containing a random distribution of particles. This is
a departure from many passive radiative cooling fabrication and limited scale application methods
requiring controlled environment and multiple layers with precise nanoscale thickness.
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Figure 4.1 Aerosol spraying of aluminum plates with thick film nanocomposite.

The thick film is to be composed of robust materials which can withstand outdoor exposure
to temperature extremes and solar radiation. In addition to the low-cost scalable application
options layering options are introduced to account for differing environmental conditions and
substrate properties. Proposed, in Figure 4.3, are five cost effective thick film nanocomposite
structures fabricated by simple application methods of CSD and/or spraying.

Please note

illustrations are not to scale.
One-step ink layer, Figure 4.3(a), has aerosol spraying of nanoparticles and medium
mixture to form an ink layer. Experiments with siloxane and xylene 50:50 mixture formed the
medium for nanoparticles. The volume fraction of particles was 5%.
Two-step ink layer, Figure 4.3(b), is deposition/spraying of a solvent and nanoparticle
mixture on substrate. The solvent must exhibit good wettability to spread nanoparticles uniformly
over surface. Ethanol and isopropanol solvents provided excellent wettability an even coating over
substrates without cracking. Enables direct contact of nanoparticles with metal surface, which due
to noble metal doping of semiconductor also enhanced plasmonic effect. After solvent evaporates
is to spray a binder coating over the nanoparticle layer to adhere, encapsulate, and form a protective
covering over the substrate. Acrylic paint over dried nanoparticle layer worked not only to
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encapsulate and adhere nanoparticles to surface, but also provided complimentary absorption in
atmospheric window.

(a)

(b)

(c)

(d)

(e)
Figure 4.2 Schematics of thick film nanocomposites over aluminum plate substrate (not to scale)
application methods: (a) One-step ink layer (b) Two-step ink layer (c) Spectrally selective particles
adhering to binder coating on substrate surface (d) One-step paste layer (e) Multi-layer.

Two-step ink layer, Figure 4.3(b) is deposition/spraying of a solvent and nanoparticle
mixture on substrate. The solvent must exhibit good wettability to spread nanoparticles uniformly
over surface. Ethanol and isopropanol solvents provided excellent wettability an even coating over
substrates without cracking. Enables direct contact of nanoparticles with metal surface, which due
63

to noble metal doping of semiconductor also enhanced plasmonic effect. After solvent evaporates
is to spray a binder coating over the nanoparticle layer to adhere, encapsulate, and form a protective
covering over the substrate. Acrylic paint over dried nanoparticle layer worked not only to
encapsulate and adhere nanoparticles to surface, but also provided complimentary absorption in
atmospheric window.
Spectrally selective particles adhering to binder coating on substrate surface in Figure
4.3(c). Application of binder to a surface followed by adhesion of spectrally selective particles on
top of binder. The top surface of particles not embedded in binder are exposed to the atmosphere
like the grains in tar-based roofing shingles or rolls.
One-step paste layer, Figure 4.3(d), has a higher particle to volume ratio than the ink layer
and can consist of a mixture of bulk materials, binder, fillers, and nanoparticles. Cool roof coatings
are simply paste layers which according to specification are to be of an average thickness of 558.8
µm (22 mil) after application. Deposition methods can include but are not limited to self-leveling
or assisted level of paste deposited within borders of desired coating thickness, brushing, spraying,
or rolling.
Multi-layer, Figure 4.3(e), is an additive combination of pastes and/or ink layers multiplelayer process, can progress to become a solution for tuning radiative cooling power with different
mixtures and layering combinations for different climatic conditions.

This research has

demonstrated that ink layers alone over a reflective substrate can provide radiative cooling.
Incorporating a reflective bottom layer will be crucial to obtain daytime radiative cooling with ink
layers. Ink layers can be below or above paste layer. However, this research has also demonstrated
in Figure 4.6 that the addition of an ink layer over a paste layer can increase selectivity.
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4.3.2 Layering Options
The environmental conditions, substrate properties, and factor into what type of layering
option may be applied to surface. The film may consist of one or more layers embedded with
spectrally selective radiative cooling nanoparticles and/or fillers to enhance or tailor radiative
cooling. The endless combinations this approach provides to tailor thick film nanocomposite
coatings embedded and the layering of the for colder climate locations to avoid a heating load
during winter months while providing a robust contiguous coating on surfaces exposed to solar
radiation. The order of these materials/structures facing the sun does matter.
If the substrate is a back reflector like aluminum only one layer upon the substrate will
suffice if it contains spectrally selective radiative cooling nanoparticles. However, the film must
be thick enough to lessen the convective and conductive heat transfer to the aluminum. The first
layer for a non-reflective surface close to a black body absorber should be a reflective layer, unless
a highly reflective cover or shield is a top layer
The fabrication method presented is a cost-effective and robust departure from
experimental studies. The equipment is rather simple and inexpensive low investment, low energy,
and capable of large-scale application. The nanoscale precision is found in the spectrally selective
nanoparticles and fillers embedded in film mediums.
4.3.3 Film Thickness
A thin film is not feasible for real world structural coating applications since it can be 1000
times thinner than a 100-micrometer thick film. Finding an optimal thickness of coating is a
fabrication goal, however, an optimal range of thicknesses is more realistic with simpler lowercost application methods. An engineering tolerance is necessary to provide radiative cooling for
variations in film thickness due to different substrate properties and uneven surfaces since the thick
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film nanocomposite coating will have variations in thickness over large surface areas. So, the
focus of this research includes obtaining radiative cooling with more durable thick films.
Reflective substrates can radiatively cool with a thinner ink coating. Published
experimental work found that maximum diffuse reflectance around 97% was achieved with a 0.25mm (250 µm) thick coating having 17% pigment to binder weight ratio [22]. This research found
that for a reflective substrate a film thickness of 40 - 300 µm can still provide radiative cooling.
However, highly absorbing substrates require a thicker paste coating or a reflective coating on the
materials surface. This research observed a lower level of cooling for films less than 400 µm in
thickness which agrees with reports that material properties become independent of substrate at
thickness of 400 µm or greater [22].
4.3.4 Volume Fraction
Random particle distribution within a medium is one of the simplest and cost-effective
methods to provide daytime “radiative cooling” experimentally demonstrated in research. It is
interesting to note that low volume fractions ~ 4-5% nanoparticle concentration with a reflective
substrate can obtain daytime radiative cooling [19, 20, 21, 23, 24]. Particle concentrations greater
than 25% are predicted to achieve a greater degree of radiative cooling yet are not fully explored
in research due to limitations in application and mediums. The thick film in this research
accommodates these higher volume fractions. Also, a commercially available cool roof coating
can attain “reflective cooling” with a much higher volume fraction, between 38 - 79%, of random
particles distributed in a binder [13].
The volume fraction of particles to medium can be determined with following equation:

(4.3)
where fv,exp [dimensionless] is the particle volume fraction for the experiment, Xp (g) is the weight
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of nanoparticles, ρx [g/m3] is the density of nanocomposite powder and Vy [m3] is the volume of
binder/matrix [23]. In Figure 4.2 the volume fractions are identified for experimental studies of
nanoparticle-based radiative coolers.
4.4 Characterization of Thick Film Nanocomposite
The thick film nanocomposite was characterized using UV-Vis spectroscopy, Fourier
Transform Infrared (FTIR), Scanning Electron Microscope (SEM), Zeta sizer, and performance
testing techniques. Samples were prepared on aluminum or a black reinforced polypropylene (PPR) geosynthetic substrates. A focus on spectral analysis proved essential to tuning the radiative
cooling of thick film nanocomposite.
4.4.1 Infrared Spectroscopy
Since the primary atmospheric window is within the infrared spectrum this research
concentrated on infrared spectroscopy to obtain desired spectral selectivity. Infrared spectroscopy
was performed by Jasco FTIR-6300 spectrometer and a Pike 30spec specular reflectance
attachment with a variable aperture designed for the measurement of thick films held the samples.
To obtain a better understanding of FTIR graphs display the logarithmic values of absorption (A)
or (Abs) to tune transmittance within the atmospheric window to the lowest levels. This research
used the logarithmic Abs scale obtained with equation 4.2 to maximize Abs in the atmospheric
window as you can see in Figure 4.4 the peak Abs value of 3 of means T < 0.1% for the sample.
Most published research normalize the absorptivity range from 0-1, however, an Abs value of 1
would equal 10% T, so if you set the scale from 0-1, then you would only see the data if it fell
within the 10-100% T range [49].
A = 2 – log10 %T

(4.2)

A minimal amount of T over the spectrum is desirable to prevent thermal radiation from
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heating the substrate under thick film nanocomposite.
The absorptivity results from FTIR spectral analysis are the function of a logarithmic
equation, derived from Beer’s Law, which converts transmissivity (T) into absorptivity (A) using
equation 4.2.

Figure 4.3 FTIR absorption spectra of non-coated aluminum foil and aluminum foil coated with
acrylic, siloxane, and coatings of acrylic with the addition of RC 9, RC 10, and RC 16
nanoparticles.

Experiments which integrated spectrally selective nanoparticles into the thick film
nanocomposites increased absorption levels over the entire infrared spectrum, as seen in Figures
4.4 and 4.5, while the spectrum shape and absorption peaks closely resembled that of the acrylic
medium. Nevertheless, the more spectrally selective the nanoparticle the more influence it will
have in making the nanocomposite film more selective. For example, in Figure 4.4, since the RC
10 nanoparticle’s spectrum is more selective than the RC 9 and RC 16 nanoparticles the RC 10’s
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thick film has a higher level of reflection outside the atmospheric window to produce the spectrum
closest to the ideal spectral selectivity for passive radiative cooling.

These experiments

demonstrate it is possible to tune the thick film nanocomposite’s selectivity and absorption levels
with nanoparticles of differing spectral selectivity randomly dispersed in a medium.
Spectral analysis classified the cool roof coating as a broadband emitter due to the strong
absorption over the entire infrared spectrum, Figure 4.5, while the thick film nanocomposites
containing selective nanoparticles classify as selective emitters. A cool roof coating can be
considered a thick film paste layer; however, it has a higher volume fraction of micro and
nanosized particles and is on average ~ 300 µm thicker than thick film nanocomposite in Figure
4.5 analysis.

Figure 4.4 FTIR absorption spectra (left) and photograph (right top) with thermal images (right
bottom) for (a) Paste over aluminum plate substrate (b) Paste with TiO2 ink layer on top over
aluminum plate substrate; red arrows identify increased reflectivity outside atmospheric window
(box in wavelength range of 8-13 um) to increase overall spectral selectivity. The thermal images
(right bottom) with temperature scale (white is hottest temperature) show a lower temperature for
(b) Paste and Ink layer due to increase in selectivity.
Nanocomposite pastes in Figure 4.6, comprised of SiO particles and spectrally selective
ZnO nanoparticles, were formulated to maximize absorption in the atmospheric window while
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achieving some degree of selective emittance. The paste layer had an absorption peak of 99.9%
within the atmospheric window; while the overall infrared emissivity between 6 to 10 μm was
greater than 99.875%, where less than 0.125% of solar radiation is transmitted to substrate.
Despite an absorption level over 99% and an absorption peak in the atmospheric window the paste
layer didn’t exhibit cooling properties because the absorption outside the window was still too
high. When a TiO2 ink layer was placed over the paste, in Figure 4.4(b), selectivity increased by
increasing reflectance outside the atmospheric window (red arrows point out change) on both sides
of the atmospheric window. The TiO2 layer slightly reduced the absorption peak in the window.
A significant discovery, observed in thermal imagery and measurements by FLIR infrared
radiometer/camera, is the ink layer reduced surface temperature by an estimated 4C. According
to Wiley Spectrabase (2021) TiO2 has its infrared absorption peak outside the atmospheric window
at a wavelength of 20 μm or frequency of 500 cm-1 [14] which suggests a more spectrally selective
nanoparticle ink layer on top of the paste might increase selectivity and cooling to a greater degree.
Experiment results, Figure 4.6, indicate the low-cost method of applying thin ink layers in thick
film nanocomposites are another method of tuning and improving passive radiative cooling.
4.4.2 UV-Vis Spectroscopy
The UV-Vis spectroscopy was performed with an Ocean Optics USB-2000 UV-Vis-NIR
spectrometer equipped with an enclosed steel chamber. Tuning films for high reflectance within
0.3-2.4 um waveband are essential for daytime radiative cooling due to the strong solar heat flux
during the day [26].
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Figure 4.5 UV-Vis spectrum comparison of cool roof coating (top) and thick film nanocomposite
(bottom).

The absorbance of the cool roof coating (top orange line) in Figure 4.7 UV-Vis spectrum
graph is significantly more than the radiative cooling thick film nanocomposite (bottom blue line).
The strong ultraviolet light absorbance of cool roof coatings is ironically due to white pigments
such as titanium dioxide. Only 5% of the sun’s radiation is in the ultraviolet radiation region of
the electromagnetic spectrum, however, this 5% is where the photons are energetic enough to
excite a typical atom from the ground state to ionization [20].
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Figure 4.6 UV-Vis spectrum of aluminum substrates with nanocomposite film coatings.

Tuning doped ZnO nanoparticles for the lowest absorbance in UV-Vis spectrum improves
radiative cooling performance; however, the thickness of the medium and amount of nanoparticles
also factors into reducing UV absorbance. In Figure 4.8 the absorbance peak of ZnO was greatly
reduced for Plate 4 and Plate 5 which had the same medium and volume fraction of nanoparticles,
but the coating was ~20 µm thicker on Plate 5 which resulted in less UV absorbance.
4.4.3 Scanning Electron Microscope (SEM)
The SEM analysis of thick film samples were performed by a Hitachi S800 or a Hitachi
SU70 SEM. The thick film sample composition provides insight into size, morphology, and
spacing of particles.
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(a)

(b)

(c)

(d)

Figure 4.7 SEM micrographs of thick film nanocomposites. (a) Surface morphology of CSD of
solvent and nanoparticle mixture with spray coated binding layer (b) Surface of 47 μm thick film
nanocomposite ink layer shows random dispersion of spectrally selective nanoparticles in siloxane
binder (c) Magnification of thick film nanocomposite ink layer’s spectrally selective nanoparticles,
size range 4-6 μm (d) Surface morphology of paste layer with SiO filler and doped ZnO
nanoparticles, size range 4-8 μm (T18) in 65 μm thick film.

The SEMs of nanocomposite film surfaces in Figure 4.9 reveal randomly distributed
spectrally selective nanoparticles. Particles spacing of 5-10 μm apart with slight agglomeration is
observed in Figure 4.9(b)(c). Agglomeration will occur in coatings with randomly dispersed
particles in a medium and applied by cost effective means. Because of this larger range of particle
sizes and agglomeration absorption and reflectance is enhanced throughout the spectrum also in
part because of the spectral selectivity of the materials. Nevertheless, both films exhibited
spectrally selective properties, because of the spectral selectivity of the binder and nanoparticles.
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The paste absorption reached over 99% in the atmospheric window, yet it didn’t exhibit
cooling properties. The SiO although spectrally selective did not obtain radiative cooling and
should serve as a filler if higher absorption is required.

(a)
(b)
Figure 4.8 Infrared spectrum of thick film nanocomposites. (a) Plates 11, 21, and 24 cooling levels
exceeded that of cool roof coating (b) Infrared spectrum of spectrally selective nanoparticle on
Plate 33 had a higher absorption peak within the atmospheric window resulting in higher cooling
levels.

The spectrally selective nanoparticles in thick film nanocomposites in Figure 4.10(a) had
varying levels of absorption in the atmospheric window with Figure 4.10(b) having the highest
absorption peak to produce highest emission levels in Figure 5.12.
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Chapter 5: Performance Measurement
5.1 Introduction
Nighttime radiative cooling has been known to mankind for a long time. In fact, older
civilizations used such passive radiative cooling before the advent of mechanical cooling methods.
However, recent research by many groups has shown that it is possible to achieve significant
daytime and nighttime cooling by radiative methods without the use of mechanical equipment that
require a significant amount of electrical power. These passive cooling methods rely on reflecting
most of the solar radiation during daytime and emitting radiation in the atmospheric window.
Atmospheric window is a wavelength range in which the atmosphere is transparent, so that a
surface exchanges radiation directly with the extremely cold outer space Figure 5.1 shows an
atmospheric window in the wavelength range of 8 µm and 13 µm.
Since these passive cooling technologies do not require external energy input, they can
have a significant impact on the global energy use, because much of the global population lives in
the tropical and sub-tropical areas of the world. An experimental study conducted by Raman et
al. inspired attention to the possibilities of passive daytime radiative cooling. They fabricated a
layered structure in a vacuum with electron beam evaporation equipment capable of nanoscale
precision. The film consisted of seven alternating layers of HfO2 and SiO2 of varying nanoscale
thicknesses, on top of 200 nm of silver (Ag), a 20-nm-thick Ti adhesion layer, and a 750-mmthick, 200-mm-diameter Si wafer substrate. They reported the structure’s temperature went below
ambient temperature over 4C during the day while directly facing the Sun [15].
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Zeygami et. al. [2] presented a comprehensive review of the literature on daytime cooling
and discussed its potential impact in the future. However, in their review, they did not focus on
the methods of measurements. Moreover, since 2017, several additional studies have been
reported in the literature. Since researchers have used different methods of measurement and
different environmental conditions, it is difficult to compare the results and conclude which
directions of research are more promising to pursue for future research and to develop a
commercial product.
Presented is a review of performance measurement approaches for experimental daytime
passive radiative cooling studies. These studies demonstrate potential to outperform current
commercially successful “cool roof” coatings, yet comparison among radiative cooling
technologies is difficult due to the lack of standard performance testing methods. Cool roof
coatings are the current commercially available passive cooling technologies that use materials
that reflect highly in the solar wavelength range (0.3 µm – 2.5 µm). These coatings help reduce
the heating of building structures by solar radiation, however, they are not able to cool structures
below ambient temperatures. Cool roof coating products are tested by standard methods used by
the Cool Roof Rating Council (CRRC) to equally compare all cool roof products. Examples of
experimental setups and insight into CRRC’s standardized performance measurement process are
provided later in this paper. Although the standard methods used by the CRRC are not directly
applicable for measuring the performance of daytime passive radiative cooling structures, they
provide a direction in which a standard method can be developed that all researchers can use to
present their results in a comparable way. The array of experimental performance testing factors
that greatly influence performance measurements include ambient temperature, wind speed, solar
insolation, instrumentation, conductive and convective heat transfer from surroundings, testing
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chamber construction, diurnal temperature swings, precipitation, cloud cover, sample preparation,
and relative humidity. This paper describes how these factors affect the measured results and how
the reported studies may have used some of these factors to show their development in a favorable
light. The paper also makes recommendations of how these factors could be standardized.
5.2 Atmospheric Conditions
A major impetus for standardized testing of daytime passive radiative coolers is the strong
influence of atmospheric conditions on their performance. Many research papers bring attention
to atmospheric conditions and/or climates where some cite climatic conditions adversely affecting
performance while others test in arid climates more favorable to radiative cooling [20, 22, 24].
5.2.1 Water Vapor Levels
High concentrations of water vapor (H2O) in the atmosphere impose a significant limiting
factor for radiative cooling performance. Even though the atmospheric window of 8-13 µm is
basically transparent to incoming radiation, when increased levels of water vapor are present there
is a dramatic increase the in absorption of incoming radiation by the atmosphere in the atmospheric
window (depicted with red box) as shown in Figure 5.1 [45]. Absolute humidity measures amount
of water vapor in air per cubic meter and provides a better measure of water vapor’s impact than
relative humidity (RH) which measures water vapor relative to temperature. The same RH %
value in warm climate will have more water vapor than in cold climate.
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Figure 5.1 Water vapor concentration increases absorption in the atmospheric window
approaching blackbody absorption [45].

An innovative way to get around the differing climatic conditions, introduced by Li et al.
[22], involved a simple figure of merit calculation represented by RC which unifies radiative
cooling performance with the same ideal weather condition. An ideal passive cooling material
will have an RC of 1 since it has 100% solar reflectance across the spectrum with an emissivity of
1 in the atmospheric window of 8-13 μm wavelength.
𝑅𝐶 = 𝜖𝑆𝑘𝑦−(1−𝑅𝑆𝑜𝑙𝑎𝑟)

(5.1)

where 𝜖𝑆𝑘𝑦 is the emissivity in the atmospheric window, 𝑅𝑆𝑜𝑙𝑎𝑟 is the total reflectance in the solar
spectrum, and 𝑟 is the ratio of solar irradiation power to the atmospheric window emissive power.
The net cooling power is calculated by multiplying RC by the ideal atmospheric window emissive
power. The ratio of the absorbed solar irradiation to the atmospheric window emissive power
equals (1−𝑅𝑆𝑜𝑙𝑎𝑟). The ideal weather condition has a standard peak solar irradiation of 1000 W/m2,
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a surface temperature of 300K, an ideal sky window emission power of 140 W/m2, and a standard
𝑟 = 7.14. The input for 𝜖𝑆𝑘𝑦 is obtained through infrared spectroscopy using an FTIR [22].
5.2.2 Condensation
Another phenomenon encountered with radiative cooling devices in high humidity regions
is condensation on the passive radiative cooling film. When the ambient temperatures go below
the dew point temperature condensation form on a surface. During experiments in the Tampa,
Florida region, condensation frequently accumulated on samples when the surface cooled down
below the dew point. Nilsson et al. (1994) embraced this phenomenon and turned a radiative
cooler into a water harvesting innovation. [17]

Figure 5.2 Condensation upon samples tested in Tampa’s high humidity climate.

5.2.3 Performance Measurement Time Frame
Outdoor performance measurements on an exposed surface over a 24-hour period at most
latitudes present a snapshot of cooling ability. In addition to the absence of incoming solar
radiation at night, during the day the incoming radiation can be direct, indirect, and sometimes
shaded. As the sun moves across the sky the solar radiation’s incident angle upon a surface
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continually changes. The reported cooling power by Zhai et al. (2017) from 3 measurements at
noon was 93 W/m2 whereas an average cooling power over 72 hours was 110 W/m2 [21]. The
duration or timeframe for performance measurement is another non-standardized performance
measurement parameter found in experimental research. A standard time period and frequency of
temperature measurements is therefore important to fairly compare experimental research.
5.2.4 Weather Data
Some researchers had their own weather stations like Chae et al. [25] and Zhou et al. [40],
as seen in Figure 4(g), while others obtained weather data elsewhere like local meteorologists.
Many unique ways to gather ambient temperature near the experiment were presented in the
published research.
5.3 Test Chamber Setups
Published experimental research shows many variations in testing chamber construction
and setups due to the lack of a standardized testing method. There is a need to have an international
standard for the testing of passive radiative cooling technology, since slight variations in the setup,
equipment used, calibration, environmental conditions from one experiment to another can present
large differences in reported performance -- even for the same passive radiative cooling device.
Prevalent differences are dimensions of chamber, sample types, distance between sample and
insulation and convection barrier,
5.3.1 Vacuum Testing Chamber
The significance of testing setups is best demonstrated by Chen et al. [56]. They reported
the highest theoretical radiative cooling of -60C below ambient temperature from a radiative
cooler placed in a vacuum chamber, by using various radiation and conduction shields. Actual
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measured peak of -47C below ambient temperature, while 24-hour average was -37C below
ambient temperatures.

Figure 5.3 Test chamber set up used by Chen et al. [56] consisting of a vacuum chamber and
various radiation and conduction shields.

5.3.2 Insulated Chamber
An insulated box containing the radiative cooling sample is a widely used method of
testing, but there is no standard of construction. A highly cited Nature publication for daytime
radiative cooling below ambient temperatures by Raman et al. (2014) utilized an insulated chamber
Figures 5.4 (a, b) for testing and many publications replicated this setup [22].
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(a)

(c)

(b)

(d)

Figure 5.4 Close replication of the experimental set up of Raman et al. (2014) [22] (a and b) by
Chae et al. (2021) [25] (c and d).

Chae et al. [25] provided one of the closest attempts to replicate the Raman et al. [22]
testing chamber yet there are still many differences which can lead to dissimilar performance
testing results. A mere visual inspection can identify several differences.
5.3.3 Space Cooling Chamber
Instead of taking the temperature of the sample some researchers like Chae et al. [25]
decided to record the temperature of the air space below the sample by constructing a space cooling
measurement chamber. These designs expose the passive radiative cooling sample directly to the
atmosphere without a convective cover, which is more realistic.
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(a)

(c)

(f)

(b)

(d)

(e)

(g)

Figure 5.5 Radiative cooling test setups (a – e for air cooling) (a) schematic (b) photo Chae et al.
and (c) schematic (d) photo (e) side by side comparison chamber for Jianguo et al.; (f and g for
water cooling) (f) schematic (g) photo for Zhou et al.

Some space cooling setups like the one found in Zhou et al. have water in a container below
the sample instead of air in Figure 5.5(f) [40]. Zhou et. al. termed their radiative cooler as
“RadiCold” as a step toward commercializing their innovation. A simple change in construction
materials can significantly change performance measurement results. For example, the acrylic
frame in Figure. 5.5(b) can also contribute to radiative cooling since it is also a selective emitter

83

of thermal radiation. Likewise, the space testing chamber in Figures 5.5 (c)(d)(e) is a concrete
structure with many different material properties to consider [57].
5.3.4 Convection Shield
It is interesting to note that one of the earliest daytime radiative cooling patents utilized a
polymer convection barrier, which can also influence the incoming solar radiation and emission.
Insulated testing chamber convection covers can also provide radiative cooling. Experimental
studies of doped polyethylene and doped LDPE have shown enhanced cooling properties.

Figure 5.6 Low-density polyethylene film daytime passive cooling structure in a patent by
Silvestrini et al. (1982) [58].

The insulated chamber testing setups in a lot of experimental research resemble one of the
earliest examples of a daytime passive cooling structure in a patent by Silvestrini et al. (1982)
shown in Figure 5.6 above, in which a low-density polyethylene film of 100 µm thickness is the
top layer facing the sun over an insulated chamber [58].
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5.3.5 Indoor Experimental Setup
Zhou et al. (2019) [40] presented a unique indoor performance testing method with liquid
nitrogen cold sink.

Figure 5.7 Indoor passive radiative cooling testing setup with cold sink. (A) Schematic diagram
of the experimental setup. (B) Photograph of the experimental setup.[40].

5.3.6 Wind Shield and Convection Barrier
A wind cover is used to reduce convection losses in experimental testing. Nevertheless, it
is possible the wind cover can also reduce the amount of radiation incident upon the sample
surface. Many published studies have used a LDPE cover over the test chamber as a convective
barrier which also functions as a wind cover or they can be separate as in Figure 5.8.

Figure 5.8 Measurement set up using a wind cover and a convection shield Bao et al. [19].
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5.3.7 Radiation Shield

(a)

(b)

Figure 5.9 Radiation shields (a) low tech cardboard box [59] and (b) high tech in vacuum
chamber [56].

Radiation shield term is used for naming quite different parts of testing apparatuses. In
Figure 5.9(a) the radiation shield is simply a cardboard box covered in aluminum foil, while Figure
5.9(b) has a radiation shield of long-hollow ceramic pegs to further reduce the radiation and
conduction losses through the backside of the selective emitter in a vacuum chamber [56].
5.3.8 Sample Shading
Shading of incoming solar irradiance through shading devices is also contained in some
experimental reports. Some experimental measurements have used direct sunshade as well as a
reflective cone to minimize diffuse radiation [56].
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Figure 5.10 A polished aluminum reflector (shading device) which moves while tracking the sun
to reflect/block direct-solar irradiation upon the test sample [60].

5.3.9 Tilt and Azimuth Angle of Sample
Experimental setups have placed samples at various tilt and azimuth angles, which
obviously changes the amount of solar insolation upon sample. Usually, the most insolation yearround is observed when a sample’s tilt angle is equal to the location’s latitude and when the
azimuth angle has the sample facing directly south in northern hemisphere and directly north in
the southern hemisphere. Most setups were horizonal for a tilt angle of 0°; yet a 60° tilt was
observed in Zhu et al. [61] research while Mingke et al. [62] was closer to latitude value in Figure
5.11(b) with a 30° tilt angle. The setup tilt angles varied over 30° in Figure 5.12, yet the latitude
of these locations didn’t vary that much.

(a)
(b)
Figure 5.11 Experimental setup for radiative cooling testing chambers at different tilt angle(a) 60°
tilt, Zhu et al. [61] (b) 30° tilt angle Mingke et al. [62].
5.3.10 Sample Preparation
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Some substrates also function as an integral part of a radiative cooler and contribute to the
overall radiative cooling performance.

Therefore, a standardized substrate for all cooling

structures can detract from further discovery. However, standard substrates will be of interest
especially for coatings which will in practice be applied to widely varying substrates.
Nevertheless, surface area and shape of the substrate can be standardized.
5.4 Measurement Methods and Instrumentation
5.4.1 Review Summary
Table 5.1 highlights different performance measurement environments.

Table 5.1 Daytime Radiative Cooling Experimental Studies Environment Comparison
WORK
1

Zhai et al. (2017) [21]
Zhao et al. (2019) [63]

2

Bao et al. (2017) [19]

3

Chen et al. (2016) [56]

4

Chae et al. (2021) [25]

5
6

Granqvist and
Hjortsberg (1981) [64]
Nilsson and Niklasson
(1995) [65]

ENVIRONMENT
Environment 1: Cave Creek, Arizona - (Elevation 585 m)
clear autumn day
Environment 2: Boulder, Colorado - summer, 55% humidity
Shanghai, China - flat roof, mid-September, Tamb 24–32 °C,
humidity 50–70%
Stanford, California - Winter, clear sky
Seoul, South Korea - rooftop space cooling chamber air
temperature
Gothenburg, Sweden - Clear nights in September
Dodoma, Tanzania - Arid location close to the equator

Mediterranean - roof top type structure with different
roofing materials and coatings
8 Raman et al. (2014) [15] Stanford, California– rooftop, mid-December 2013
9 Jianguo et al. (2021) [57] Beijing, China - August, September, and October 2018.
Environment 1: Buffalo, New York - Outside
10 Zhou et al. (2019) [40]
Environment 2: Laboratory - Indoor w/cold sink
Gonome, et al. (2014)
Laboratory - simulated solar radiation intensity = 1000
11
[23]
W/m2, T = 25 °C, wind speed 0.5 m/s.
Environment 1: Phoenix, AZ - (Elevation 349 m)
12 Mandal et al. (2018) [59]
Environment 2: New York, NY - (Elevation 85 m)
7

Muselli (2010) [66]
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Table 5.2 provides a glimpse at how performance measurement setups and instrumentation
in experimental studies varied. Instrumentation in some studies used a feedback heater on the
backside of a sample and concluded the cooling power was equal to the heating needed to keep
the temperature of the sample equal to the ambient. Some studies used a pyranometer to determine
incoming solar radiation intensity to calculate cooling power. Many studies used thermocouples
which have different measurement characteristics and uncertainties.
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Feedback heater

Convection Barrier

Shading



Pyranometer

Zhai et al. (2017) [21]
Zhao et al. (2019) [63]
2 Bao et al. (2017) [19]
3 Chen et al. (2016) [56]
4 Chae et al. (2021) [25]
5 Granqvist and Hjortsberg (1981) [64]
6 Nilsson and Niklasson (1995) [65]
7 Muselli (2010) [66]
8 Raman et al. (2014) [15]
9 Jianguo et al. (2021) [57]
10 Zhou et al. (2019) [40]
11 Gonome et al. (2014) [23]
12 Mandal et al. (2018) [59]

Thermocouple

1

Insulated chamber

WORK

Radiation Shield

Table 5.2 Daytime Radiative Cooling Experimental Studies Set-Up Comparison


































Review revealed that most publications reported the performance in common units of
W/m2 of Cooling Power (CP) or a temperature reduction ΔT = Tambient - Tmaterial or simply degrees
below or above ambient temperature. Another useful performance reporting method which also
classifies a diurnal cooling material’s selectivity, reported in Table 5.3, is with the values of
absorptivity (A), transmissivity (T), and reflectivity (R) and separating the spectrum according to
89

wavelength by labeling solar radiation 0.3–2.4 μm Asol, Tsol, and Rsol and the atmospheric window
8-13 μm as A8–13, T8–13, and R8–13.

Table 5.3 Daytime Radiative Cooling Experimental Studies Reported Performance

1
2
3
4
5
6

WORK
Zhai et al. (2017) [21]
Zhao et al. (2019) [64]
Bao et al. (2017) [19]
Chen et al. (2016) [56]
Chae et al. (2021) [25]
Granqvist & Hjortsberg
(1981) [64]
Nilsson and Niklasson
(1995) [65]
Muselli (2010) [66]

7

8
9
10
11

12

Raman et al. (2014)
[15]
Jianguo et al. (2021)
[57]
Zhou et al. (2019) [14]
Gonome et al. (2014)
[23]
Mandal et al. (2018)
[59]

REPORTED PERFORMANCE
Arizona: CP = 93 W/m2 (Noted 3x@12 PM), CP = 110
W/m2 (over 72 hour), (Rsol = 0.96),
Colorado: CP = 45 W/m2
(A8–13 = 90.11%; Rsol = 90.7%)
ΔT = - 5 ℃ night; ΔT = 2 ℃ day
ΔT = - 42℃; ΔT = - 37℃ (24 hr. avg)
Insulated chamber: (Asol = 4%; A8–13 = 88.7%)
Space cooling chamber: - (Asol = 4%; A8–13 = 88.7%)
ΔT = - 14℃
Daytime (Rsol = 0.849)
∆Tmin = +1.5 °C
Surface temperature decrease w/coating:
18% - terra cotta tiles/plate steel sheets
34% - corrugated sheets
25% - fiber cement
(Rsol = 0.97)
ΔT = - 4.9 °C; CP ≈ 40.1 W/m2
Insulated device - ΔT = - 6° C
Model building - ΔT = - 8°C
Outside: ΔT = - 11 °C; CP ~ 120 W/m2
Laboratory: ΔT = - 9.5 °C
Coated paper – (A2.5–12 = 0.85)
ΔT = - 10 °C
Phoenix: (A8–13 = 0.97; Rsol = 0.96),
ΔT = - 6 °C; CP = 96 W/m2
New York: (A8–13 = 0.97; Rsol = 0.96),
ΔT = - 4.5 °C; CP = 83 W/m2

Kirchhoff’s law states that spectral absorptivity and spectral emissivity of an object in
thermal equilibrium are equal, for every wavelength and direction. When electrons absorb energy,
they move up to a higher energy level. When electrons emit energy, they move down to a lower
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energy level. Therefore, the reported spectral values of absorptivity (A), in Table 5.3, are the
equivalent of emissivity (𝜀).

5.5 Discussion and Conclusion
A thorough review of the published experimental research identified the lack of
standardized performance measurement methods as a significant gap for passive radiative cooling
experimental research citing large variations in environment and testing setups.

These

inconsistencies result in the inability to: replicate reported cooling potential, validate a theory with
results, and compare technologies. Since radiative cooling technology shows a lot of potential but
is not fully developed and commercially available, it is recommended that a standard making
organization set up a committee to develop standards to augment progress of this important
innovation.
5.6 Thick Film Nanocomposite Performance Measurement
The thick film nanocomposites fabricated in this research were subjected to multiple
performance measurement methods. All testing involved exposure of samples to direct sunlight.
Direct sunlight can be classified as sunlight without filters between the object and sunlight. In
other words, they were not placed inside an insulated chamber with a convection barrier. Also,
the temperature readings were of the samples themselves and not of an enclosed air space below.
5.6.1 Side-by-Side Comparison to Cool Roof Coating
A side-by-side comparison of technologies is an insightful way to present any type of
performance data. Exposure of the thick film nanocomposite coatings and cool roof coating on
same aluminum substrate to the same environmental conditions proved to be a good method to
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gauge progress throughout this research. Disproportionate performance reporting resulting from
nonstandard testing procedures is eliminated since both materials are tested under exact conditions.
5.6.2 Thermal Imagery
Thermal images and photographs were obtained using a FLIR “forward looking infrared
radiometer” E5 2.0L infrared camera. This method of testing provides a good option to compare
and visualize infrared emittance from samples.

Each pixel in image represents a surface

temperature so one can assess the whole surface not just one point which is a limitation of
thermocouple measurements. In Figure 5.13 the scale to the right of image has white as the hottest
temperature while purple is the coldest. A spectrally selective ink layer on aluminum substrate in
direct sunlight exhibited greater cooling power than cool roof coating.

Figure 5.12 Photograph of plates (top) and thermal imagery (bottom) from left to right: (a) Cool
roof, (b) Plate 21 (c) Plate 11 (d) Plate 24 (e) Plate 33; with ambient temperature of 29C; (color
temperature scale - the lighter the color the hotter the temperature).

Ambient conditions for testing were 29C, 78% humidity, and wind of 8 mph. The sideby-side comparison of thick film nanocomposites to a cool roof coating on aluminum substrates
in Figure 5.12 provide a positive indication that the thick film’s cooling power can be significantly
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higher than a cool roof coating. The samples on aluminum plates are a cool roof coating in Figure
5.12(a) – a 440 µm thick paste layer. Nanoparticle and siloxane mixture sprayed on aluminum
substrate for Plate 11 in Figure 5.12(c) - 47 µm thick w/5% particle #37 and Plate 21 in Figure
5.12(b) - 40 µm thick w/5% particle #39. While a chemical solution deposition of siloxane mixture
for Plate 24 in Figure 5.12(d) - 58 µm thick w/5% particle #10. Application of nanoparticles
adhered to acrylic binder surface for Plate 33 in Figure 5.12(e) ~30 µm thick w/5% particle #44.
Note that the lighter color on the bottom on Figure 5.12(c) is feedback from the thermal camera.
Nevertheless, the cool roof coating was above ambient temperature while the thick film
nanocomposite ink layers whether in siloxane or acrylic paint were still below ambient. Also, this
experiment demonstrated the ability to tune the emissivity of the thick film nanocomposite by
varying medium and spectrally selective nanoparticles.
5.6.3 Infrared Thermometer
Infrared thermometers quickly measure the temperature for a point on an exposed
material’s surface. Thermal assessments of prepared samples were performed by EXTECH
Instruments, Model 42515, Wide Range InfraRed (IR) Thermometer with a laser pointer.

The

highest average monthly solar radiation for the Florida testing location at Latitude 27.85° N,
Longitude 82.78° W is 7.31 kWh/m2/day for May, while the lowest in December is less than half
with 3.34 kWh/m2/day. Furthermore, the solar radiation intensity is highest during solar noon
when the angle of incidence is 90 degrees. In Figure 5.13 measurements were taken during the
time of year and time of day when the highest solar radiation is incident upon a sample’s surface.
The surface temperature of the thick film nanocomposite (left) was 108.3F which is over 17F
cooler than the cool roof coating (right) with a surface temperature of 125.4F.

A repeat of this

experiment in December would record much lower surface temperatures.
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Figure 5.13 Photograph of infrared thermometer measurements direct sunlight at solar noon
during month with highest solar radiation (left) Plate 33 and cool roof coating (right).

Despite not posting surface temperatures below ambient temperatures the thick film
nanocomposite and the cool roof coating still provided passive cooling to a greater degree than
non-coated materials or standard roofing materials. ~ 60°F hotter during day. On a day reaching
91°F heat-absorbing materials like conventional roofing materials heat up ~ 150°F [2]. Still both
below 60°F temperature increase of standard roofing materials Concentrating on daytime radiative
cooling is important since many materials in city absorb a lot of radiation during the day, then
retain this heat for a long time.
5.6.4 Type K Thermocouple
Thermal assessments of prepared samples were performed by an EXTECH Instruments,
EasyView 11A, Type K Thermometer with a Type K thermocouples. An exposed sample with a
Type K thermocouple affixed to the backside by Kapton tape consistently recorded temperatures
below ambient during the majority of a 24-hour period; however, when tested during times when
the greatest solar radiation was incident upon its surface the temperatures were above ambient yet
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not as high as infrared thermometer measurements. Once, angle of incidence upon the samples
decreased the temperatures declined below ambient temperatures.

Figure 5.14 Graph of plate temperature (solid yellow line) and ambient (dotted red line)
measurements at end of day with photograph of Plate 33 and thermocouple wire (top right).

Despite testing during the highest solar radiation of the year the exposed plate temperatures
during the latter part of the day in Figure 5.14 were ~ 4 – 11 °F below ambient temperatures. This
cooling is attributed to the spectral selectivity of the thick film nanocomposite.
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Chapter 6: Applications
6.1 Geoengineering to Counter Global Warming
Large scale passive radiative cooling coatings to offset global warming are an extension or
added benefit to lowering electrical consumption by reducing cooling loads of a building. An
Intergovernmental Panel on Climate Change (IPCC) report states with high confidence that
“Global surface temperature has increased faster since 1970 than in any other 50-year period over
at least the last 2000 years…Global surface temperature will continue to increase until at least the
mid-century under all emissions scenarios considered. Global warming of 1.5°C and 2°C will be
exceeded during the 21st century unless deep reductions in carbon dioxide (CO2) and other
greenhouse gas emissions occur in the coming decades” (IPCC, 2021).
Outgoing Longwave Radiation (OLR) is a measure of the amount of energy emitted to
space by earth's surface, oceans, and atmosphere. According to Mingke et al., for the Earth to
remain at a stable temperature, the amount of longwave radiation streaming from the Earth must
be equal to the total amount of absorbed radiation from the Sun [8]. Unfortunately, a report by
Stephens et al. [10] reported that in 2012, the Earth was absorbing ~ 1 W/m2 more than it was
emitting, leading to an overall warming of the climate.
There are many places on earth where the OLR balance is in the negative range. Some of
the biggest heat sinks are situated near the equator with an average OLR of -80 W/m2 (Lee, 2014)
[9]. Fortunately, according to calculations by Munday in 2019 a geoengineering approach to
increase radiative heat emission from the Earth to space by covering 1%–2% of the Earth’s surface
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with thermally emissive materials that can radiate ~100 W m-2 through the atmospheric window
may counter global warming by bringing the total heat flux back into balance [11].
Covering 2 % of the Earth’s surface equates to 10,201,440 km2, since the total surface area
of Earth is 510,072,000 km2. It is preferable to place thermally emissive “radiative” cooling
coatings on structural surfaces exposed to the sky, like roof tops due to the added benefit of reduced
energy consumption and CO2 emissions, instead of on land in competition with other primal needs
such as agriculture, biodiversity, or decentralized production of energy. It may be theoretically
possible to balance the global heat exchanges by emitting more infrared radiation from the earth.
6.2 Cool Roof Replacement
Replacing a broadband emitting cool roof coating with a selective emitting thick film
nanocomposite coating will radiate more infrared radiation through the atmospheric window to
space. Initial experiments demonstrate passive radiative cooling by thick film nanocomposites can
produce more cooling power than the leading commercially available cool roof coatings on an
aluminum substrate. A greater cooling load reduction will further decrease fossil fuel use and
decrease CO2 emissions. Alternatively, since the thick film nanocomposite can be tailored to have
a lower cooling power for colder climates it will also save energy costs by eliminating increases
in heating loads during the winter. Further research and development to optimize thick film
nanocomposite coatings has a high potential to obtain commercial success like cool roof coatings.
6.3 Improve Durability of Exposed Geosynthetics
Limiting UV-Vis absorption is very important for a geosynthetic – initial experiments with
ink layers alone did not produce desired reflectivity within UV-Vis spectrum. Nevertheless, all
ink layers still exhibited some cooling in thermal testing compared to non-coated geosynthetic
substrate. A thicker film with more reflective layers, nanoparticles and/or fillers obtained better
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results. Material fatigue from expansion and contraction due to surface temperatures extremes
diminish with a nanocomposite passive cooling thick film to extend the life of exposed
geosynthetics. A provisional patent filed by the University of South Florida on behalf of Young
et al. entitled “Geosynthetic-based Foundation and Photovoltaic (PV) Mounting System” [67]
which uses exposed geosynthetics to serve as foundation and mounting structure for photovoltaics
will benefit greatly from a passive cooling thick film nanocomposite shielding layer. Integration
of these 2 technologies will result in many innovative applications.
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Chapter 7: Conclusion
Presented is experimental research on the possibility of commercializing passive
“radiative” cooling thick film nanocomposite to compete with the leading commercially available
passive cooling technology of “cool roof” coatings. Many discoveries were made in the 2-step
process of developing a passive radiative cooling thick film nanocomposite. The first step was
synthesis of spectrally selective nanoparticles, and the second step was the fabrication of a thick
film nanocomposites. The result of this research is a cost-effective, scalable, and robust thick film
nanocomposite coating capable of passive radiative cooling.
In the first step a low cost, scalable, non-pressurized, low temperature, constant stir,
hydrothermal batch process was developed to produce spectrally selective doped zinc oxide
nanoparticles to be incorporated into passive radiative cooling thick film nanocomposites. Many
unique processes and chemical combinations were devised to obtain varying levels of absorption
and spectral selectivity. Zinc oxide is not commonly found in passive radiative cooling research;
however, it is found in thermal control coatings (TCC) for spacecraft because it endures the harsh
conditions of space and maintains temperature control by reflecting high intensity solar radiation
and emitting thermal radiation. The innovative synthesis of doped of ZnO semiconducting
nanocrystals in this research obtained close to ideal spectrally selectivity for passive radiative
cooling applications in the Earth’s atmosphere. The University of South Florida filed a provisional
patent on the nanoparticles and process on behalf of inventor David Allen Young titled “Spectrally
Selective Doped ZnO Nanoparticles for Passive Radiative Cooling Synthesized Using a Low Cost,
Scalable. Non-pressurized, Low Temperature, Constant Stir, Hydrothermal Batch Process” [68].
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The second step of fabricating thick film nanocomposites, which integrates semiconductor
nanocrystals, also had to be cost effective scalable and robust to overcome the lack of
commercialization of passive radiative cooling coatings. Testing revealed more cooling power
than “cool roof” coating over a reflective aluminum substrate. Experimental studies utilized lowcost application methods of chemical solution deposition and aerosol spraying to integrate the wide
bandgap semiconductor nanocrystals into thick film coatings. Thick film radiative cooling
coatings can use the same robust mediums, such as acrylics and silicones, found in durable and
commercially successful cool roof coatings. This research experimentally demonstrated tuned
emissivity or different levels of cooling power of thick film nanocomposite, Figures 4.4 and 4.5,
by varying medium and spectrally selective nanoparticles.
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